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NOTATION 


roentgen; 
explosion energy in kilotons of TNT (1 kiloton = 1 
thousand tons of TNT = 1012 megacalories = 
= 4.18 x 1019 ergs); 
explosion energy in arbitrary units; 
distance from the source of gamma radiation; 
i“ " ecenter of explosion; 
radius of front of shock wave; 
lethal radius; 
distances that mark the regions of application of 
interpolation formulas for the calculation of doses; 
radius of active surface on the earth; 
height of detector above the earth; 
thickness of active absorber; thickness of flat 
layer of absorber; 
minimum distance from detector to the earth; 


oblique thickness of flat layer of absorber; 


~ angle of incidence of quanta on the surface; 


angle between specified direction and the 
direction of motion of the quantum prior to 
scattering; 

angle between the directions from the detector 

to the source and to the considered volume element 
of the scattering nedsun 

energy Of quantum in moc* units; 

coefficient in the empirical expression for the 
attenuation coefficient; 

cross section of the photoeffect per atom; 


cross section of pair production per atom; 


cross section of Compton scattering per electron; 
cross section of transfer of energy to electron; 
cross section of transfer of energy to quantun; 
corresponding cross section per atom; 

total interaction cross section per atom; 

total cross section for the absorption of energy 
per aton; 

cross sections of activation and capture of 
neutrons by isotopes; 

density of activation 

number of electrons per em; 


number of electrons in a column of absorber with 


a cross section of 1 em®; 
number of atoms in 1 cm’; 
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FOREWORD 


If we examine an atomic explosion as a physical phenomenon, 
many problems arise in the analysis of the physical picture of the 
explosion. The present book is devoted to the physics of the 
action of gamma radiation in atomic explosions. It is known that 
the damaging action of an atomic explosion includes, to a consider= 
able extent, the radiation sickness due to the action of gamma rays 
and neutrons. We shall confine ourselves only to consideration of 
gamma rays, since they are the main factors that determine the 
damaging action. The action of the gamma radiation is determined 
by the magnitude of the so-called dose, i.e., the absorption of 
gamma-radiation energy. 

The purpose of this book is to estimate the dose of gamma 
radiation and to analyze the physical factors that influence its 
magnitude. 

The analysis is based on the results of the theory of 
multiple scattering (diffusion) of gamma quanta. A new factor in 
the theory is the influence of the shock wave on the propogation 
of gamma radiation, as noted by Ya. B. Zel'dovich and the author. 

The calculations of the doses are referred to explosion 
energies of 20 megatons. This figure has no relation whatever to 
the present state of the art, and is chosen arbitrarily. 

The problems that arise in the analysis of the physical 
picture of the action of the gamma radiation due to atomic explo- 
sion are closely related to problems involving protection against 
gamma radiation, encountered in the atomic industry. Therefore 
the book can be useful for a wide circle of scientific workers 
and engineers interested in problems of shielding and the dosi- 
metry. The author has benefited from the interest and from 
much advice by Ya. B. Zel‘dovich, and expresses him great grati- 
tude. 

The author is also grateful to V. N. Sakharov, P. A. 
Yampol'skii, N. Ya. Gen, N. Ya. Buben and B. V. Novozhilov for 
discussing individual sections of the book. 

In preparing the book, great help was rendered the author 
by B. Ve Novozhilov and V. N. Sakharov, V. I. Kolesnikov- 

Svinarev and V. I. Tereshchenko who undertook the preparation of 
most of the tables and diagrams, as well as B. P. Bulatov and 

A. 8. Strelkov. The author takes this opportunity to thank them 
for their help. 


-=-The Author 
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INTRODUCTION 


The overall picture of the action of y rays produced by 


atomic explosion is as follows. Starting with the instant of the 
explosion, contained within the volume about the center of the 
explosion, inside the region of the incadescent air, contains a 
few seconds a powerful source of Y rays. This source consists 
essentially of fission products. A smaller, but still significant 
role is played by sources from a different origin, for example, y 
rays due to capture of neutrons by the nitrogen of the air. After 
a few seconds following the explosion, the incadescent air rises 
upward, carrying with it the explosion product in the form of a 
radioactive cloud. 

In spite of the fact that the radioactive products remain 
near the center of the explosion for a short time, they succeed 
in producing a considerable radiation in the explosion region, 
1.e., in a space of radius of several kilometers from the center 
of the explosion. For example, when a 20-megaton bomb explodes, 
the radius of the lethal damage by y rays in an open locality is 
1.2 kilometers. 

In the region of the epicenter of the explosion, after the 
departure of the radioactive cloud, there may remain a source of 
Y rays which acts for a long time. It is formed by the fission 
fragments which settle on the earth, and also by the neutrons due 
to atomic explosion, which reach the earth and activate the soil, 
which then emits y rays for a long time. The fission fragments 
carried away upward by the air currents propagate over the earth 
in the form of a radioactive cloud and gradually settle on the 
earth, producing an extensive region of radioactive contamination 
-~ the trail. 

The greatest damage is produced in the trail in the case of 
explosions on the surface of the earth, when the dust rays by 
the explosion 1s mixed with the fragments and accelerates their 
precipitation. In this case there is formed near the center of 
the explosion a section of strong contamination, whereas in the 
case Of explosions in the air the precipitation of fragments in 
the region of explosion is negligible. 

The trail may extend over hundreds of kilometers from the 
upper center of the explosion in length, and tens and hundredths 
of kilometers in width. Some of the fragments enter the strato-~- 
sphere and settle over the entire earth's sphere, with an 
approximate settling time of 10 years. 

Thus, the Y radiation produced as a consequence of an 
atomic explosion is observed not only simultaneously with the 
explosion, but appears also as remote aftereffects of the explo~ 
sion, resulting from the radioactivity of the long-lived fragments. 

The region of action in the Y rays is not confined to the 
region of the explosion, and includes large areas on the earth and 


vill 


in the air. On the trail, the damaging factor of the atomic explo- 
sion ig only the radiation from the long-lived fragments ( 
particles play an important role only when the fragments enter 
inside the organism). In the region of explosion, on the other 
hand, i.e., within a radius of several kilometers from the center 
of explosion, all the damaging factors of the atomic explosion are 
effective, namely, y radiation, the shock wave, neutrons, and 
light. 

In the explosion region, the main part of the ‘Y-ray energy 
is emitted by the fragment and in the form of capture radiation, 
within several seconds after the explosion, and the long-lived 
gamma radiation of the activated soil and of the fragments that 
fall out from the cloud produce an appreciable smaller fraction of 
the total amount of the energy of gamma radiation (although in 
absolute magnitude this fraction may be large). 

In the present book we deal only with gamma radiation in the 
region of the explosion. We do not consider the trail and the 
radioactive cloud. 

The damaging action of gamma radiation is characterized by 
the magnitude of the energy of the gamma rays absorbed in the air. 
The dose is determined by the intensity and by the spectrum of the 
gamma rays passing through the place under consideration, i.e., 
it is determined in the final analysis by the properties of the 
gamma-radiation sources produced during the explosion and by the 
properties of the absorbing media which are located on the path of 
propagation on the gamma rays from their sources towards the place 
of action. 

Thus, in order to obtain the physical characteristics of the 
action of the gamma rays due to atomic explosion, it is necessary 
to evaluate the sources of gamma radiation during the explosion and 
to consider the formation and the magnitudes of the doses from the 
point of view of the theory of propagation of gamma rays in absorb-=- 
ing layers. 

Let us give the most typical examples of the action of gamma 
rays in the region of explosion and the corresponding problems 
involved in the propagation of gamma rays. 

le Action in an open locality produced by gamma rays 
emerging from the radioactive cloud during the first few seconds 
after the explosion, i.e., before the rise of the cloud (Figure 
la). This form of action produces in the region of the explosion 
the main part of the gamma-ray dose. 

Within a few seconds after the explosion, the fission frag- 
ments are still located close to the center of the explosion, and 
at distances of several hundred meters from the center of the 
explosion their totality can be considered as a point source of 
gamma rays. As a result of the passage of the shock wave, the 
front of which is followed by a region of rarefied air, the 
air density along the path of propagation of the gamma rays is not 
constant. 

This action of the gamma rays gives rise to the following 
computation problem: a point source of gamma rays is located in an 
infinite air medium. The air medium can be inhomogeneous, and the 
air density varies with the distance from the source in accordance 
with a definite law, so that there exists a region of rarefied air 
around the source. 
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In the case of a surface explosion, the air medium in which 
the source of gamma rays is located should be regarded as semi- 
infinite and bounding on a semi-infinite denser medium, namely the 
earth. 

2. The action of the gamma rays from the elements in the 
earth and the activating neutrons which are liberated during the 
explosion. These gamma rays emerge from the upper layer of the 
earth (Figure lb). 

The corresponding theoretical problem is as follows: sources 
of gamma rays are distributed in a flat layer of an absorber. The 
detector is located in the air above the layer. 

3. Action of gamma rays from the fragments, which settle 
from the radioactive cloud on the earth (Figure le}. 

The equivalent theoretical problem is as follows: the 
sources of the gamma rays are distributed over the surface of the 
earth, i.e., On the boundary between two semi-infinite media, the 
earth and the air. The detector is located in the air above the 
earth. 

The foregoing examples pertain to the action of gamma rays 
in an open locality. 

In shielded structures, the gamma rays are attenuated by 
the absorbing layers. Let us give three typical examples of the 
action of gamma rays in shelters. 

4. Action of gamma rays passing through the protective 
shielding of the shelter (Figure ld). 

The theoretical problem is as follows: a broad parallel 
beam of gamma rays passes through an absorbing layer. The detector 
is located behind the absorbing layer. 

5. Action of gamma rays scattered from dense layers of 
matter. This case takes place inside shelters which have openings 
or have weak spots in the shielding, through which a beam of gamma 
rays enters inside the shelter. After being scattered by the inner 
surface of the shielding layers, the gamma rays act in places which 
do not lie on the path of the initial beam of the gamma rays 
(Figure le). 

The theoretical problem is: the gamma rays are incident 
at a definite angle on a dense layer of matter. The detector is 
protected against the direct radiation and senses only the radia- 
tion that is scattered from the layer. This is the problem of the 
albedo of gamma rays. 

6. Action of gamma rays scattered in the atmosphere. This 
action occurs in pure form when the detector is protected against 
rays that travel directly from the source but is exposed to radia- 
tion in a definite solid angle (for example, the detector is lo- 
cated in a ditch -- Figure lf). 

From the theoretical point of view, this case reduces to 
the problem of the azimuthal distribution of gamma rays scattered 
by an infinite mediun. 

The greater part of the foregoing schematized problems has 
been solved in the theory of multiple scattering of quanta or in 
Simulation experiments. Under real conditions of explosion, many 
complicating factors arise, and these prevent the exact solution 
of the problems involved in the gamma radiation from an atomic 
explosion. 
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However, the solutions of schematized problems can neverthe= 
less be used to explain the physical picture of the appearance of 
gamma radiation from explosions and for approximate quantitative 
estimates of the doses. 
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CHAPTER I 
MAIN SOURCES OF GAMMA RADIATION IN ATOMIC EXPLOSIONS 


1. SOURCES OF GAMMA RADIATION AND THE TIME OF THEIR EMISSION. 
Components of the gamma radiation from the explosion. The 


gamma radiation observed during the explosion of an atomic bomb 
consists of many components, which differ in their radiation time, 
in their origin, in their quantum energy, and in their radiated 
energy. During the time of emission, it is convenient to distin-~ 
guish among the following groups of radiations. 

Prompt -- acting within 0 to 1075 second. This gamma 
radiation is released during the time of the chain reactions that 
make up the atomic explosion and during the time following, prior 
to the scattering of the bomb material. Its components are the 
gamma radiation due to the fission and to the fission products, 
and the gamma radiation due to inelastic scattering of neutrons and 
due to capture of neutrons in the materials of the bomb. 

Short-lived -- from 1075 to 3 x 1071 sec. This 1s essentially 
the radiation produced from the capture of the explosion-induced 
neutrons by the nitrogen in the air (an idea advanced by P. A. 
Yampol'skii). It is emitted after the scattering of the bomb 
material. Radiation from the fragments is also possible (see 
Section 2). 

Second -- from 3 x 1071 to 15 seconds. This 1s essentially 
the radiation from the fission products, released during the time 
following the explosion up to the time when the fragments are 
carried upward by the incandescent air. 

Residual -- from 15 seconds to co. This radiation is due 
to activity induced by neutrons in the earth and other substances 
in the region of the center of the explosion and to the long-period 
fission fragments that settle in the region of explosion and in the 
trall. 

In the region of explosion, the greatest contribution to the 
dose is made by the radiation in the second range, and partially by 
the short-lived radiation. 

As a result of the short radiation time, the role of the 
prompt radiation in the formation of the dose is insignificant, 
although this radiation produces the greatest dose power. 

As regards its origin, the gamma radiation in the atomic 
explosion can be divided into the following groups. 

Gamma radiation of fission fragments. A distinction is made 
in this group between the gamma radiation due to the fission and 
the gamma radiation of the fragments proper, although both radia- 
tions belong to the fragments. The difference lies in the emission 
time. The gamma radiation due to the fission follows immediately 
the instant of fission and is separated from it by a time that — 


cannot be measured with the instruments employed, i.e., within less 


than 1078 sec, and probably 10711 sec. Therefore the gamma radia- 
tion due to fission, like the emission of fission neutrons, is 
associated as far as terminology goes with the fission act. 

By gamma radiation of the fragments proper is meant the 
radiation occurring within measurable time intervals after the 
fission. Detailed data on the gamma radiation of the fragments are 
given in Section 2. 

Gamma radiation connected with the action of the neutrons. 
This gamma radiation is due to various neutron reaction with 
nuclei, and manifests itself in all the emission time groups. 

Let us recall the following forms of gamma radiation due to 
neutrons. 

Gamma radiation due to inelastic scattering of fast neutrons 
in the materials of the bomb and in the surrounding media <= air, 
earth, etc. This radiation belongs to the prompt group. 

Inelastic scattering in the bomb takes place within the time 


of existence of the bomb and of its shell, i.e., within ~107° sec. 

In the surrounding media, inelastic scattering can be 
expected within the time of slowing down of the fast neutrons in 
the air to an energy ~1 Mev, i.e., within several microseconds. 

Gamma radiation occurring during the capture of neutrons. 
The following types of radiation can be noted here: 

le Radiation occurring during capture of neutrons in the 
bomb, i.e., from the main nuclear fuel, from the structural 
materials, and from the explosive. In the latter, the neutrons are 


captured by hydrogen to form deuterium and by the nitrogen to form 


nL5, 
This radiation is classified as prompt, i.e., it is emitted 
within the time of existence of the bomb and its shell, i.e., within 


1075 sec. 

2e Radiation occurring during the capture of neutrons by 
the nitrogen of the air with formation of N15, ‘The life time of 
the neutrons in the air (with respect to the reaction Ni4 (n, p) cl4 
at P = 760 mm. Hg and T = 09°C) is approximately 60 x 107) sec). 

Thus, by the time 0.3 second has elapsed after the time of 
the explosion, practically all the neutrons are captured and the 
emission of capture gamma radiation ceases. This gamma radiation 
1s classified as short-lived. 

5e Radiation occurring during the capture of neutrons in 
the earth. The life time of the neutrons in the earth is 


~0.5 x 1075 sec, i.e., it is considerably less than in the air. 
However, the earth "draws" neutrons from the air. Therefore the 
time during which capture of neutrons in the earth can take place 
with emission of gamma rays is equal to the time of existence of 
the neutrons in the air, i.e., ~ 0.3 sec. 

This radiation, too, is classified as short-lived. 


Gamma radiation of the artificial radioactive elements, 
formed as & result of neutron=nucleus reactions of the type (n 9 
pomed ag result of neuts - Notice should be taken here of the 
artificial radioactive isotopes produced during the capture of 
neutrons in the earth and other different materials in the explosion 


region. 


In ordinary soils, the greatest significance is the gamma 
radiation of Al@8 (half life 1/2 = 2.3 minutes), Mn> (T)/p = 2.6 
hours), Na@4 (Ty /2 15 hours), Feo9 (T3/o = 47 days). The gamma 
radiation of the known artificial radioactive elements is classified 
as residual radiation. 

In addition to the activation of elements as a result of the 
(n, y) reaction, 1t 1s possible to form radioactive products via 
other reactions such as (n, p), (n,Q), and (n, 2n). Gamma rays 
can also be emitted as a result of production of short-lived 
isomers. 

Secondary sources Of gamma rays. In this group we can in- 
clude bremsstrahlung (B particles, Compton electrons), thermal X~ 
rays in the initial stage of development of the explosion, and X= 
rays produced by filling of the internal shells of heavy atoms 
lonized during the explosion. 

The contribution of these sources through the overall gamma 
rays of the explosion is small, and is therefore disregarded here. 

All the foregoing types of gamma-rays sources appear during 
atomic explosions. But the harmful action is connected only with a 
few of these. In the explosion region, harmful action is produced 
by gamma rays essentially from fission fragments and short-lived 
gamma rediation due to capture of neutrons by the nitrogen of the 
air (the gamma radiation from the fragments being predominant). 

In the region of the trail, the harmful action of gamma rays is 
determined by gamma radiation due to fragments and to a small de~ 
gree the gamma radiation of the activated earth (the principal one 
is the gamma radiation from the fragments). 


2. GAMMA RADIATION DUE TO FISSION FRAGMENTS OF U225 AND Pu@ 9, 


The only gamma radiation from the fragments that can be 
effective is that emitted after the scattering of the material of 
the bomb. 

The energy of the fission gamma radiation (7.8 Mev per 
fission event) is practically equal to the energy of the gamma 
radiation of the fragments (3.4 Mev per fission event), but the 
gamma radiation of the fission is absorbed in the matter of the 
bomb and therefore does not influence the magnitude of the dose and 
will not be considered further. 

The fission of U235 and Pu239 results directly in approxi-~ 
mately 60 isotopes. Figure 2 shows the mass distribution of the 


fragments produced by the fission of U255 and Pu239 by slow 
neutrons. 


—_ eee ee 4 

— eats t. ase og! 

i as ack. Z 

= dane jet nnad vmnp en: 

peas hig er ese es as 

Rear medagtadh eet Laetiodl ae - 
é 
or 


9 eaZ 


ae 

eae 

wn || 

me 

rr 

A 

ma ae 

Ht 

a 

i - ser bya PTY 
Hf Hee, mmeetn 
HH ! i iffy 
: i maint 
a a eH 

uk ee iit : => = zi a 

tt f 

ae 

ee 

= 

PLU OL eT TH eS 


» = caaee 
é sae SAS i 

a Coomoroce oT 

® 

2 

= LLL Tit th aaa inal 

S sper gecasee 

i “Hi | CeCe 

2 ote inn i jsrsce TEE 
6 Eee LLL iti 
° § aE coe Sacre: = Se SEs : sacs 

M4 a Tron et 7H : Be so a ae 

x e + 7 a4 if “| 41 HEE 

rs _ Ti i 

aes 


ee i 
| 
(| 
rr 
1 
Ht : 
il 
nt 
CC 


= 

—H 

ms 

+ 

4 

Paid 

my 

+4 

| 

| 
mae iit 
oe er eat 

Fi 

& 

| 
FLT 


ae 
ca 
Pos CAUATAATARESORAEGEUAEUATOOAE 


70 76 82 8 94 100 156 112 1B 124 137 136 142 148 159 160 


Mass Number 


Figure 2. Distribution of fission 
fragments of U°55 and Pu°59 py masses. 


Each fragment produced experiences subsequently, on the 
average, three B decays with different periods. Thus, there are 
approximately 200 radioactive nuclei involved in the fission 
products, with decay periods ranging from fractions of a second 
to several times ten years. The greater part of the decays is 
accompanied by gamma radiation, in which the quantum energy varies 


from 0.002 Mev (Tc99) to 2.9 Mev (Rb98). 

At each given instant of time, the gamma radiation is 
determined by the decay of 10 = 30 fragments and only within a 
time longer than one year after the fission is the main part of 
the gamma activity produced by 1 or 2 isotopes. Since the 
nuclei participating in the radiation have different half-lives, 
the law of decrease of the gamma activity of the radiation with 
time is not a simple exponential law. 

The effective decay period increases with time, because 
the short=period isotopes decay and fragments with every increas- 
ing periods remain active. The radiation becomes softer with time, 


but a substantial softening takes place only within the first hour 
after the fission. 


Table 1 lists the values of gamma activity of the fragments, 
1.e., the rates of emission of the energy of the gamma radiation 


u(t) in Mev/sec-fission for U235 and Pu235 within different 


instances of time in the intervals 0<t<60 seconds and 1 hour<t < 
<1000 hours [1]. 


The accuracy of the given values of u(t) is estimated 
t 25 percent. 


An atomic explosion of 1 megaton energy gives rise to 
1.45 x 10°3 fissions. The overall gamma activity of the fission 
products of an explosion of energy Eqt 18 G = 1.45 x 1023 E,yu(t) 
Mev/sec. The gamma activity of the fission products of a 20- 


megaton bomb (1.e., nominal bomb) is 2.9 x 1024 u(t) Mev/sec and is 
equivalent to the gamma activity of the following sources: 


8.1 x 1013 u(t) curie of arbitrary radiation with quantum 
energy of 1 Mev; 


3.24 x 1013 u(t) curie of C060 (2.5 Mev/decay); 


5.8 x 1043 u(t) curte of radium (1.4 Mev/decay). 
Table 2 lists the values of G20nt for different instants of 
time. 


Table 1 


Gamma activity of fission fragments per 
fission event 


u(t) u(t) 
t, sec | Mev/sec- | t, hours | Mev/sec-fission 
fission 

() 0,82 0,9 1,7 -10-* 
(0,2 0,64 1 1,5 - 10-4 
0,4 0,52 1,25 1,1 io-* 
0,6 0,45 1,5 9,0. 107° 
0,8 0,4] 9 6,3 - 107% 
0,37 3 3.52 10=? 
y) 0,26 5 1,6. 10° 
3 0,20 10 5,9 - 107% 
4 0,16 95 1,7 - 107° 
5 0,13 5() 7.8 - 107! 
6 (12 100 Bohas, 10" 
8 0,09 200 1,8. 1077 
10 (), 074 390 1,2\- 107! 
15 0,072 4) 8,5}. 107% 
2) 0,043 500) 6,9 107° 
3) 0,31 ROO 4,6 - 1078 
AO) 0,023 100 3,8 1078 


60 0,016 — — 


of fission fragments 
Mev/sec-fission 


kee 
u(t), 


100 yearS.ceovcccvece 


Table 2 


Gamma activity of fission fragments in the 
explosion of a 20-megaton bomb -~ 
Goomt» Mev/sec, and Goony, curie 


Goomt» curie, 


: Goomte» at the 
Mev/sec following 
quantum 
energy ; 
eV 
Ll BOCceocescocecvecoeoces 1,1 . 1(124 3 1023 
2 Minuteecccececccece 4,8 - 1(;33 1,2 : 10:8 
1 TOW? 6 eree 66a ocelee 44 ] 020 1,2 1()10 
1l GAVecvessvvccssecr 5,1 }()18 1,4 - 108 
1 WEEK eeccccecsccces 6 1017 1,6 . 10% 
de MONT Vis.6 605650 6060-0 1,5 1017 4 - 1(6 
1 VCALeccceccecvceces 1,4 - ] 015 3,8 - 104 
LO YEarBeceveccceecs 6,6 - 1018 1,8 + 108 
1,0 1013 2,7 + 102 
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Time after fission, second 


Figure 3. Activity of fission fragments 
u(t) Mev/sec-fission, at different in- 
stants of time after fission calculated 
per fission event. 


A plot of dependence of u(t) on the time, plotted according 
to the data of Table 1, is shown in Figure 3. The value of the 
gamma activity of the fission fragments u(t), can be written in the 
form of a formula 


u(t)=At * Mev/sec-fission (2.1) 


The values of A and v for different intervals of time are listed 
in Table 3. The last column of the table indicates the maximun 
deviation of the values of u(t), calculated from formula (2.1) from 
the values given in Figure 3. The effective period of reduction 
of gamma activity is 


} t 


Teff = 1 dav (2.2) 


u dt 
Table 3 
Values of the coefficients in the interpolation 
formulas for the calculation of the gamma 
activity of fragments at different time (2.1) 


ay 
u(t) = At Mev/sec-fission 


Time intervals Unit of Some 
for which the measure~ deviation 
formula is ments of A Vv from the 

applicable time in data of 

Figure 3, 

percent 
0.05 sec<t<l sec 8eC 0,4 0,27 10 
1 sec<t<20 sec fi 0,4 0,72 10 
20 sec<t<10 min 0,95 1,01 10 
LO min<t<10 hr 71 1.32 10 
10 hr<t<100 hr : 5.9 131 10 
100 hr<t<1000 hr " 0.0276 0,89 10 
10 hr<t<100 hr hr 1,3- 1074} 1,31 10 
100 hr<t<1000 hr 1,9. 1075} 0,89 10 
10 min<t<200 hr sec 7,1 1,33 15 
20 sec<t<1000 hr f 2 1,20 30 


Inasmuch as ‘y is close to unity when t>1 second, we have 
Terr ~ t, 1.9., it is approximately equal to the time elapsed from 


the instant of flssion. For example, within one month Tere is 


equal approximately to 1 month. When t>1 year, the law of de-~ 
crease of the gamma activity becomes nearly exponential, since the 


gamma radiation is due essentially to the Cal 7, which has a half-~ 
life of 47.6 years. Many workers have noted that when t<1 second 
the decrease in gamma activity 1s exponential with a half-life of 


0.64 second. 
Special experiments have shown that there is no gamma 


radiation with half-lives ranging from 1072 to 0.5 second. 


The radiation within the time interval from 1078 to 1073 
second has not been investigated in detail. There are indications 


that radiation exists in the microsecond region [2]. 
Knowing u(t), one can calculate the energy radiated in 
individual time intervals t; - to and during the entire time of 


decay 
bo 
W, a= |e (t) dt, 
ty 
Table 4 


Amount of gamma-radiation energy in the fission 
fragments after various time intervals 


Time interval, 0O— |3600— 
sou aa 0-1 | 0-2 | 0-5 | 0-10) 0-20), Fe | O— 
Energy 
liberated, | 0,54 | 0,82 | 1,35 | 1,80] 2,8516,8 | 1,6 | 8,4 
Mev/fission 


Remark. The energy of the fission gamma radiation 
is 7.8 Mev/fission. 
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(2.3) 
(2.4) 


In Table 5 we give the available data 


on the average gamma radiation energy per quantum in different 


instants of time. 


Amount of energy Of gamma radia-~- 


Time after fission, sec. 
u(t)dt=8,4 Mev/fission. 


| 
radiated during different time intervals is 


y 
given in Table i and in Figure 4. 


WV = 


tion of the fission fragments during 
different time intervals. 


Figure 4. 
The spectrum of gamma rays of the fission products consists 


The energy radiated during the total decay of the radio-~- 


active fragments is 


If we express u(t) by the power law (2.1), we get: 
The ener 


of a large number of lines. 


Table 5 


Average energy per quantum of fragment 
gamma radiation 


Average 
Radiation | quantun Method of determination 


time, t energy, 


0—! sec 2,2 Measurement with luminescent 
spectrometer [3 
1sec-7 , 1,6 Measurements by the 
absorption method [4] 
] hr 1,2 
os 1,0 
20 . 0,7 
3 days 0,8 Calculated from data on the 
radiation spectrum of 
30 days 1,0 individual isotopes (see 
200 » 0,7 Appendix I) 
3 years 0,7 
20 years 0,7 
100 , 0,7 


Note: The average energy per quantum of fission 
gamma radiation is 1.1 Mev. 


Figure 5 shows the form of the spectral distribution of 
gamma rays of fission products (according to data of M. Ya. Gen, 
E. I. Intezarova, and M. S. Ziskin). 

The characteristics of the gamma radiation of the fragments 
pertain to the overall gamma radiation of a mixture of all the 
formed fragments. 

Information on the gamma radiation from individual fragments 
is given at the end of the book, in Appendix I, which contains a 
summary of the literature data on the energy and on the number of 
quanta and the half-life of the fragments, taken from the survey 
work by M. Ya. Gen, E. I. Intezarova and M. S. Ziskin. 
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3. GAMMA RADIATION IN THE CAPTURE OF NEUTRONS BY NITROGEN. 


Part of the short-lived gamma radiation in an atomic explo- 
sion represents radiation released upon capture of neutrons by 
nitrogen, yi4, According to data by Kinsey, Bartholomew, and 
Walker [5] 10.82 Mev are liberated per fission event in the form of 
gamma quanta (determined by the mass defect). The capture cross 
section is 0.1 barn 7 0.05 [6], i.e., it is 16 times smaller than 
the cross section of the competing reaction yi4 (n, p) c14, Thus, 
each neutron absorbs in air causes the radiation of 10.82/17 = 
= 0.64 Mev of gamma-ray energy. Since 1.5 free neutrons (U255) or 
2 neutrons (Pu239) are released during one fission event, if all 
the neutrons are absorbed by the nitrogen of the air, a total of 
0.96 -- 1.28 Mev/fission of gamma radiation is released. The data 
on the spectrum of the gamma radiation are given in Reference [5]. 
The measurements were carried out with the aid of a paired spectro- 
meter, so that the data on the spectrum are available only for 
quantum energies >4 Mev. The question of the presence of gamma 
radiation with energy of 4 Mev or less remains open. It is there- 
fore not known what fraction of the energy from the 10.82 Mev is 
for the hard gamma radiation measured in Reference [5]. There are 
grounds for assuming, that the greater part of the radiation energy 
is in the measured part of the spectrun. 

Table 6 gives information on the energy of the quanta and the 
relative intensity of the capture radiation from nitrogen. 


Table 6 


Spectrum of gamma radiation of the reaction yi4 
(n, y) wlS (hard part of the spectrum) 


4,48 | 5,29 | 5,55 | 6,32 | 7,16 | 7,36 | 8,28 | 9,16 {10,82 


Relative | 


intensity 
percent | 18,3 | 30,5 | 2,44 | 12,2 | 0,6 


Remarks: 
1) 45 percent of the hard part of the spectrum 
is due to quanta with energy 5.3 - 6.3 Mev; 
2) 15 percent of the energy is due to quanta 
with energy greater than 7 Mev. 


4, GAMMA RADIATION FROM ACTIVATED EARTH. 


The upper layer of the earth becomes a source of gamma rays 
as a result of capture of neutrons and accompanying formation of 
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radioactive isotopes of the elements contained in the earth. 

The gamma radiation from the earth is released during the 
instant of neutron capture (~8 Mev per captured neutron for all 
elements with the exception of hydrogen, which releases 2.2 Mev 
upon capture of a neutron) and during the subsequent decay of the 
artificial radioactive nuclei. We shall consider henceforth only 
radiation from the decay of radioactive isotopes, which make up a 
substantial part of the residual gamma radiation in the region of 
the epicenter of the explosion. 

For a given neutron flux, the intensity and the energy of 
the gamma quanta is determined by the elements contained in the 
upper layer of the earth. It can differ in different places, but 
a list of elements of practical importance is not long: 99.4 per-= 
cent of the weight of the earth's crust is made up of 15 elements. 

Table 7* gives the average composition by elements of the 
earth's crust. The same table gives also data on the gamma radia- 
tion from the radioactive isotopes obtained by neutron capture, the 
capture cross sections, and other information. 

The values of Gq and 44 given in Table 7 make it possible to 
determine g@ ~=- the specific gamma activity of the earth during the 
instant of time t after irradiation 


ae 
g=on WG, h, € Mev/sec-cm, (4.1) 
‘ 


where 2% -= sum over all the elements contained in the earth; 
@ -- specific gravity of the earth, g/cm’; 
Gy ~- activity of the element per gram of earth; 

Tl ~~ flux of slow neutrons in the place of activation, over 
the entire time of irradiation on neutrons, neutrons/cm~. 

The column 3 contains the sum of all the activation cross 
sections in one gram of dry earth, which amounts to 8.9 x 107 
em°/g, and the neutron capture cross section in one gram of earth, 
which amounts to 5 x 1075 cm@/g. Thus, only one-sixth of the total 
anount of neutrons absorbed in dry earth leads to activation of the 
soil. In moist earth, the capture cross section is increased 
(owing to the hydrogen in the water), so that the fraction of 
neutrons which produce artificial radioactivity is decreased. 

The value of g may vary, depending on the composition of 
the earth. For a considerable part of the surface of the earth's 
sphere these variations are not large enough to influence greatly 
the gamma radiation, but inindividual localities the deviations from 
the average composition may be considerable and may produce a 
unique pattern of gamma radiation. 

By way of an example, let us calculate g for a locality in 
which the soil has an element composition that coincides with the 
average element composition of the earth's crust, as given in 
Table 7. 


*Table 7 was made up by V. N. Sakharov. 
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The specific gravity of dry earth is assumed to be 1.7 
g/cem3, the water contents -- 0.1 g/cm’, the overall specific 
gravity -- 1.8 g/cm. The neutron capture cross section per gram 
of such earth is 6.1 x 1072 em@/g,* and the activation cross section 


is 0.9 x 107) em?@/g. 
Figure 6 shows the values of g(t) at different instants of 


time. 
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Time after instantaneous irradiation, 
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Figure 6. Activity of the earth, g, due to activa- 
tion by neutrons at different instants of time 
after instantaneous irradiation. The dashed curves 
denote the specific activity of different elements 
of the earth in accordance with the chemical 
composition of the earth's crust (Table 7). 


It is seen from 
from A128 predominates 


Nac4 predominates from 
nates above 300 hours. 
During the time 


Table 7 and Figure 6, that gamma radiation 
within time intervals from 0 to 15 minutes, 
15 minutes to 200 hours, and Fe29 predoni- 


interval from 2 = 3 hours to 5 = 10 hours, 


gamma radiation from M96 appears against the background of the 


gamma radiation of Na& 


*Including the capture 
g/cm. 


in the water, the contents of which is 0.1 
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Let us determine what fraction of neutrons captured in the 
earth activates the foregoing characteristic elements. For this 
purpose it is necessary to divide the activation cross section of 
each element in one gram of earth by the sum of the capture and 


activation cross sections of the earth, 7 x 10° em@/g. 
The formation of A1e8 requires 5.4 x 107° of all the neutrons 


captured in the earth, while the fractions for nac4, mn? , and Feo’, 


are 564 x 107-, Le 5: -X 1072, and 1.8 x 1074, respectively. 

Figure 6 shows the intervals of time in which gamma radia- 
tion from individual elements predominates. 

Owing to the presence of a small number of elements forming 


isotopes with long half-lives in the earth (for example, co with 
Ty /2 = 523 years), prolong radioactivity may occur, which is 


noticeable after the decay of Fe? 

The residual gamma radiation in the region of the epicenter 
may be due not only to the activation of the earth, but also to 
fission fragments settling on the earth. 

To clarify the role of the induced activity of the earth 
(particularly in a surface explosion) it is of interest to estimate 
the largest possible gamma radiation from the earth, i.e., that 
obtained when half of the neutrons of the earth are absorbed and 
there is no self absorption of gama radiation in the earth, and to 
compare it with the gamma radiation of the fragments. 

It is assumed that the earth captures one neutron per 
fission. Data on the composition of the earth and on the activa- 
tion cross sections are listed in Table 7. The most important 
contribution to the gamma radiation of such an earth is made, up to 
200 hours, by the following: 

during the first minutes -- aluminum (T1/o = 2.3 minutes, 


1.8 Mev/decay), 
during the first hours -- manganese (Tj/2 = 2.57 hours, 


1.2 Mev/decay), 
during the first hours -- sodium (T)/o = 15 hours, 4.2 


Mev/decay), 
after 200 hours -- iron (11/2 = 47 days, 1.2 Mev/decay). 
The gamma ray energy radiated starting after ten seconds 
(the arbitrary termination of the action of the fragment cloud) to 
infinity, is 6.6 Mev/fission from the fragments (Tabie 4) and 0.48 
Mev per fission from the earth (Table 7). The contributions from 
sodium, aluminum, manganese, and iron are 0.31, 0.13, 0.02, and 


3 x 1071 Mev per captured neutron, respectively. 

Thus, even under conditions most favorable for the activa- 
tion of the earth, when half of all the neutrons are absorbed, the 
energy radiated from the earth as a source of residual radiation is 
one order of magnitude less than the energy of the fragments. 

The only elements that participate in the production of 
residual radiation from the earth, lasting over several days, are 


sodium and iron, which radiate 0.31 and 3 x 1074 Mev per fission, 
respectively. The radiation of the fragments in the interval from 
one hour to infinity amounts to 1.6 Mev/fission, i.e., during the 
10 = 200 hours that the sodium is active, the energy radiated by 
the earth is closer (although it is several times smaller) to the 
energy radiated by the fragments. 
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Average Composition by Elements of the Earth's 


Characteristic of Element O | Si | Al 


Abundance in the earth's crust, 
POTCSNVecceesvecesseeceeveeseeveevcecs 
Mass FIUM DOT cose 6b oo obra bk Wea Se eww 


Content and natural isotope mixture, 
PET CONGecccecccecsscvcveccseccscececes 


0,2 yield 100 


27sec — 23 min 
2,07-10-2 — 5,02 - 1073 


Half life Ty /Qoccccccncesccccesccccece 
Decay constant A, sect .cesccesccccees 
Activation cross section of the iso- 
tope by thermal neutrons, Sac, barn. e.. 
Activation cross section, calculated 
for the natural isotope mixture 
Saas DAPNecececsescscecevcecscvcesos 
Activation cross section per gram of 
earth, Sac» cn? /g of Carthe cccccccer 
Cross section for the capture of 
thermal-neutrons by the natural 
mixture of isotopes, Ocap, barn..... 
Cross section for the capture per 
gram of earth, Scap, cm?/g of earth... 
Energy of emitted gamma quanta, 


OVe cece veeseseseseveeesesseeesesece 


2,1. 10-4 — 0,215 


4,2. 1077 a 2,15 - 107! 


7,35-1079 = 3,77 - 104 


2.107 3 —= 2,15 - 10 


3,7- 1075 = 3,77 - 1074 


1,7 (70%) = 1,8 (100%) 


Energy of gamma radiation per decay 
of the isotope, Mev/decayeseoccccecs 


neutron capture in the earth, 
Mev/CAPe NEUTLON. eoecevcccrcvccccecs 
Energy of gamma radiation emitted 
from gram of the element by an ac- 
tive neutron flux of 1 neutron cm‘, 
Mev/g element neutron/cm?eccccccccce 
Energy of gamma radiation emitted 
from 1 gram of earth, secon vent by 
@ neutron flux of 1 neutron/cm‘, 
Mev/g of earth neutron/cm? (Gi1)...6«6 
Gamma activity on individual ele- 
ments per gram of earth (G4) at 
a nstants of time.eccccccce 


Energy of gamma radiation per 
iE 1,25- 1076 _. {1,36 - 1071 


1,35-1078 — 8,6 - 1075 


6,25-107 9 -— H,8 - 104 


. 1078 


16-1071 4 
3. 171 


4 hours 

20 hours 
200 hours 
2000 hours 


Wa eee 
a cad | 
ie HLS heat 


ae 
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Crust and Gamma 


Table 7 


Radiation from Activated Earth. 


Fe | Ca | Na fom fk fom fom K | Mg | Ti 
4,85 3,75 2,8 2,62 2,20 0,795 
58 16 23 4] 26 50 

0,34 0.0032 100 6,9 11,3 5, 24 ! 
47,1days | 4,3days 15 hrs I25hrs| 94min} 6 min 
1,7 - 10-7] 1,87 - 1076 1,28 - 1075) 1,55 - 107511,23:10-3| 1,92 - 1073 
0,7 0,25 -0,51 11,0 0,05 0,14 

| 

2,4-10°3]8. 1076 5,1 - 1071 | 6,9 - 1072 15,65:1073| 7,5 - 1073 
1,26 - 10-6 4.5 . 10-9 | 3,74 - 10741 2,8 - 1075 |3,15-1076| 7,1 - 1077 
2,43 0,43 . 10791 5,1 - 1071 | 1,97 5,9-1072 | 5,6 

1,27 - 10-3] 2,42 - 10 4 3,74 - 1074) 8,0 - 10-4 13,3-10—5| 5,3 - 10~4 
0,2 (2,8%)] 1,4 (81%) - ae He 1,5 (25%) an (100%) | 0,32 (70%) 
1,1 (56%) 2,8 (100%) 1,05(20%) 

1 28 (43%) 

1,2 1,1 4,2 0,37 1,05 0,22 
3-104 1. 1076 3,15 - 107-1] 2,05 - 10° 3/6,6-10° 4 | 3,15 - 1075 
3,1 + 107*} 1,3 - 10-6] 5,6 - 10°72] 4-10 4 = [1,45:1074) 2,05 - 1075 
15-10 6|5.10°9 1,57 - 10~-3-1,05 - 10° 5/3,3-10-6 | 1,56 - 1077 
2,59 - 107139, 35 - 10-15] 2,0 - 1078 | 1,6 - 10-10|4,0-10-9 | 4 - 1078 
2,55 - 10733 ace 1,9. 1078 at es ee 

2,99 - 1072 = 1,65 - 1078 oe a2 ue 

2,53 - 10713 == 8g . 1079 a5 ee = 

2,038 + 10733 —_ 9 . 10712 = = oe 

7,9 + 10714 a as fa _ = 


1? 


Characteristic of Element Pp | H | Mn 


Abundance in the earth's crust, 


PETCENbecccvecscscsecvessesesecveseees 0,11 0,11 0,075 
MASS NUMDECVececccescccsecvecesvescscsvecvece = —_— OO 
Content and natural isotope mixture, Does not|lDoes not 

PEPCONEccocccccsvesereseseescsssr,ecee yield yield 


yu,rays y-rays 


Half life Ty /Doccccscccccscccvcccececes eae = 267hrs 
Decay constant a, sec evoeeoeeenneevneeeeee pa, hse! 7,47- 1075 
Activation cross section of the iso- 

tope by thermal neutrons, Oc, barn.. — — 12,7 


Activation cross section, calculated 
for the natural isotope mixture 


SGacs DEPT ecccccccccccvccceevesecvececs —_— — 12,7 
Activation cross. section per gram of 
earth, Sac > cm /e@ of CALrthecccccsecccce = sae 1,05- 10~¢ 


Cross section for the capture of 
thermal-neutrons by the natural mix- 
ture of isotopes, Scaps, DArNececesece | 1,9 - 101] 3,3 - 1071 ( 12,7 


Cross section for thg capture per gram 
of earth, Scap, cm /@ of earthe.ceeee | 4,1 - 10°] 2,2 - 10-4 [1,05- 1078 


Ener of emitted gamma quanta . 0,85 (69 % 
a : : : — ee 1/8 118,59) 


CVeeeereaveesceoeeeeeeeeseeseneesees ees 
2,13(12,5 % ) 


Energy of gamma radiation per decay of 
the lsotope, Mev/decayecercccccccccece — — 1,2 


Energy of gamma radiation per neutron 
caphure n the earth, 
Mev Cape NEUTLTONcccccscvcccsecsevsevsese — wae 2,000.10" 2 


Energy of eens radiation emitted from 
gram of the element by an Active 
neutron flux of 1 neuiro cm?, 
Mev/g element neutron/cm? eecccccccece — ee 1,7-1072 


Energy of eeu radiation emitted from 
1 gram of earth, activated by a 

neutron flux of 1 neutron/cm?, 

Mev/g of earth neutron/cm? (G4)ececee ~ = 1,27-107« 


Gamma activity on individual elements 
er gram of earth (G4) at different 
nstants of CLMNO é-66 660606 6:60.06 6 6 6 -400- 


%t = O hours — = 9,5- 1079 
1 hour = — 7,2- 10% 
4 hours — — ‘3,2- 1079 


ct ct ct ct 


2 
200 hours _ — — | 
2000 hours - — = | man | 


ct 


18 


Table 7 (continued) 


0,075 
19 
100 

10.7 sec 
6,5 - 107 
0,009 

9. 1073 
2,14. 107 
1. 107? 
2,4. 1077 
1,63 (99%) 
1,6 
6.9. 10°75 
4.6. 10-6 
3.42. 1077 
2.2.10 


0,037 
37 
24,6 

37,9 min 
3,1 - 1074 
0,56 
1,4.1073 
8,8 . 1077 
31,6 
2-106 
1,6 (31%) 
2,12 (47%) 
1,5 

2,63 - 10-4 
3,5 - 10-8 
1,32 . 1076 
4,1 - 1071 


0,037 
37 
0,017 
§,04 min 
2,3 - 103 
0,14 
2,4 -10°3 
1,7 - 107-10 
4,9 -10-1 
3,4 - 107% 
2,75 (90%) 
2,5 
8,5 - 10786 
1,1 10—6 
4,25 . 1010 
1.0 «10738 


——— 
— 


—_— 
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0,478 Mev/ 


captured. 


neutrons 


3,4 - 106 
2,6 1078 
1,97 - 1078 
8. 1079 

2,2 - 107212 
7,9 » 19714 


In the case of a surface explosion of a pure hydrogen bomb, 
the number of neutrons released per unit energy is one order of 
magnitude greater than that produced by an explosion of a fission 
bomb. One can therefore expect that the radiation 


[something missing in Russian in the 
transition from p. 30 to p. 31. ] 


This does not mean in itself that the surface explosion of a pure 
hydrogen bomb can contaminate tremendous areas of "trail" to the 
same extent as a surface explosion of a fission bomb. The energy 
of the activated soil, given above, is radiated by elements which 
are contained in a layer of earth 30 centimeters thick. To produce 
a "trail" with the same amount of energy as liberated in a fragment 
"trail" it is necessary that this entire layer of activated soil be 
carried away and settled in the same manner as the fragments are 
carried away and settled. 

The mass of the earth is less dispersed than the dust on 
which the fragments are condensed. Therefore the conditions under 
which earth carried away and settled are not favorable to the forma- 
tion of a trail of the same extent and activity as a fragment 
"trail," even if the activity of the earth is equal to the activity 
of the fratments, as may happen in the case of an explosion of a 
pure hydrogen bomb. The difference in the formation of a "trail" 
from the earth and from the fragments is difficult to estimate 
quantitatively, and we shall therefore confine ourselves only to 
the foregoing estimate of the radiated energy. 

Let us compare the kinetics of the gamma radiation from 
earth and from fragments. 

Table 8 gives the intensity of emission radiation of frag- 
ments and earth under the assumption that the earth captures one 
neutron per fission. 


Table 8 


Intensity of gamma radiation from the earth, 
ue(t), and of fragments u(t) 


Intensity of radiation, 


Time after Mev/sec-fission 
explosion, 
hours Of the 
fragments 
| 
| i. 4,7 10% 1,4. 1073 0,3 
] 5. 1°77 1,5 - 10-4 0,3 
y) 4,5. 1077 6,3 - 1073 0,7 
5 3,4 -10°7 1,6 - 1075 2,1 
: 10 9,5 - 1077 5,9. 1076 4,2 
1S Le 10-7 9,75 » 1076 6,2 
96 12-1077 1,6 - 1078 7,5 
50 4.10 8 7,8 - 10°77 5,1 
| 100 4. 1079 3,5 - 1077 1,1 
| 150 4 . 1Q7 10 2,4 -10 7 0,2 


—————aeee 
a er — 
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It is seen from the table that up to 5 hours after the explo- 
sion, Ue does not exceed 2 percent of u. From 5 to 50 hours ue 
is approximately 20 times smaller than u; after 50 hours the value 
of ue again diminishes rapidly compared with u. In a pure hydrogen 
explosion ue(t) can increase by approximately by one order of 
magnitude. 

It is seen from the table that in the interval from 1 to 10 
hours the fragments decay more rapidly than the active soil, u,/u 


increases with increasing t; in the interval from 10 to 50 hours, 
the law of decrease of activity with time 1s practically the same 
for the soil and for the fragments ue/u = const; after 50 hours 
the induced activity diminishes more rapidly than the activity of 
the fragments (ue/u decreases with increasing t). 

In the interval from 10 to 50 hours it is difficult to 
distinguish between the induced activity and the fragment activity, 
judging from the kinetics of the decrease in activity. These 
activities can be distinzuished by the kinetics of the decrease by 
means of measurements before 10 hours after 50 hours. For example, 
the ratio of the one-hour and five-hour activities of the soll and 
the fragments, which differ greatly from each other, are: 


In the case of explosions in the air, the residual radiation is 
determined by the induced activity of the earth. 

In surface explosions, near the epicenter, i.e., in the 
region where the fragments settle, the residual radiation is de- 
termined by the fragments. It is seen from Table 8 that if 1 per- 
cent of the fragments settles in the region of the epicenter, then 
the residual radiation is determined by the fragments and not by 
the earth. 

Away from the epicenter (the distance depends on the 
explosion energy), the residual radiation is determined in the case 
of surface explosion by the induced activity. 

At intermediate distances, the earth and the fragments pro~ 
duce comparable contributions.* 

In those cases when the residual radiation is determined by 
the activity of the earth, the dose power can be connected with the 
specific activity of the earth or with the neutron flux, and it can 
be calculated. This calculation will be given in Section 9. 


#It must be noted that the radiation of the fragments can appear 

not only where they have settled, but also in neighboring places 

where they are not located, at a distance compared with the range 
of the quanta. In this region the decrease in the dose power may 
be of either a fragment or a mixed character. 
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CHAPTER II 
PROPAGATION OF GAMMA RADIATION IN ABSORBING MEDIA 


5S. "Good" AND "POOR" GEOMETRY. 


For almost all cases of action of gamma rays of atomic explo~ 
sion, it is characteristic that the doses of gamma rays are produced 
not only by direct radiation of the sources, which has passed 
through the absorption layer without interacting with the matter, 
but also by the scattered quanta, which have experienced single or 
multiple scattering in the matter. 

In many atomic explosions the scattered radiation is of 
decisive significance in the formation of the gamma-ray doses. 

The important role of the scattered radiation is due to the 
fact that the gamma radiation propagates in an atomic explosion in 
&@ broad beam, and passes through thick layers of absorber. 

Figure 7 illustrates the features of the propagation of 
gamma rays in broad and narrow beams. 

Figure 7a shows the passage of a narrow parallel beam of 
gamma rays through a thin absorber. The detector receives only the 
direct radiation, i.e., radiation which passes through the absorber 
without interacting with the atoms, i.e., it is neither absorbed or 
scattered. The scattered radiation drops out of the beam and does 
not enter the detector. Such conditions of propagation of radia- 
tion are called "good" geometry. In these conditions when the 
radiation passes through the absorber, there is no change in the 
spectral composition and in the directivity of the radiation strik- 
ing the detector, the number of gamma quanta in the beam N, changes 
in accordance with the well-known law 


N=N,e ** 


J 


No ~~ flux of gamma quanta ahead of the absorber; N -=- flux 
of gamma quanta passing through the absorber; 
4% |-=- linear coefficient of absorption of radiation. 


Accordingly, the intensity of radiation J varies as 


j=j,e ™, (5.1) 


These formulas are valid for absorption of monochromatic 
radiation. When the radiation has a complicated spectral composi- 
tion, the intensity of each spectral opponent attenuates in 
accordance with analogous exponential law, with a different value of 
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Figure 7. Passage of a narrow beam of gamma 
rays through a thin scatterer (a) and of a broad 
beam of gamma rays through a thick scatterer 

(ob) and inside an absorbing medium (c). Case 

a -- "good" geometry. Case b and c -= "poor" 
geometry. 


Figures 7b and 7c show the characteristic features of the 


propagation of a broad beam of gamma rays through a thick layer of 
absorber (b) and inside an absorbing medium (c). In these cases 
the detector receives not only the direct beam, but also scattered 
radiation. Such conditions of propagation of radiation are called 
"poor" geometry. 


Under conditions of "poor" geometry, the attenuation of the 


intensity of radiation with absorber thickness is slower than 
according to the exponential formula (5.1), since fluxes of 
scattered radiation are added to the flux of radiation of the direct 
bean in the absorber, 


With this, the spectral composition and the directivity of 


the radiation do not remain constant along the path of the radiation 
in the absorber, because the scattered radiation, adding to the 
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direct radiation, differs from the latter in spectral composition 
and in direction of propagation. 

The amount of scattered radiation added to the direct 
radiation, its spectral composition, and its angular distribution, 
all depend on the relative placement of the sources of the gamma 
rays, the absorbing media, the detectors, and the properties of the 
absorbing media. 

A complete solution of the problem of propagation of radia- 
tion under conditions of "poor" geometry should contain information 
on the intensity, spectral composition, and angular distribution of 
radiation in any point of space. 

To obtain the solution it is necessary to know the geometri- 
cal locations of the sources and absorbers, the spectral composi- 
tion of the primary radiation, and the atomic number and density of 
the absorbers. The solution of this problem is treated in the 
theory of multiple scattering of gamma quanta. 

The problem can be solved both theoretically and experi- 
mentally. Theoretically, knowing the probability of the elementary 
processes of interaction of the quanta with the matter, it is 
possible in principle to solve any problem of multiple scattering 
of gamma rays. What is entailed here is usually a large volume of 
computation. The use of electronic computers makes it possible to 
sOlve the kinetic equations that describe multiple scattering of 
quanta. 

By now there exist a large amount of computational data on 
the propagation of broad beams of gamma rays in absorbing media, 
and information keeps on accumulating. 

In many cases it is possible to prepare an experimental 
model, in which the investigated conditions of propagation of gamma 
rays are produced either on the natural scale or on some reduced 
scale. With the aid of such models it is possible to solve experi- 
mentally particular problems in the propagation of gamma rays and 
verify the theoretical results obtained by computational methods. 


6. ELEMENTARY PROCESSES OF INTERACTION OF GAMMA QUANTA WITH 
MATTER. 


Forms of interaction of radiation with matter. Elementary 
processes of interaction of gamma quanta with matter have been 
discussed in sufficient detail in the physical literature and in 
textbooks; we shall therefore confine ourselves only to an exposi- 
tion of a minimum of information, necessary to designate the 
quantities and necessary for convenience in understanding the less 
universally known sections of the book. 

The passage of gamma radiation through matter is accompanied 
by absorption and scattering of gamma quanta. In the problems of 
interest to us, the following three types of interaction between 
radiation and matter are basic: photoelectric absorption, Compton 
scattering, and formation of electron-positron pairs. The remain- 
ing processes -- coherent scattering, nuclear photoeffect, nuclear 
scattering, and others, can be neglected. 

The foregoing processes lead to absorption of gamma-quantum 
energy and simultaneously produce in the medium various secondary 
gamma radiations: fluorescence, bremsstrahlung of electrons, and 
annihilation radiation. 
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All the secondary sources are considerably softer than the 
primary source. An estimate has shown that in the problems of 
interest to us, the secondary radiation can be neglected, and will 
therefore be disregarded here. 

Photoelectric absorption. In photoelectric absorption, the 
ganna quantum, whose energy exceeds the binding energy of the 
electron in the atom, causes an electron to be removed from the atom. 

The energy of the quantum is converted fully into kinetic 
energy of the knocked~out electron less the binding energy of the 
electron in the aton. 

Thus, a quantum which experiences photoelectric absorption 
drops out completely from the beam of gamma rays. The consequence 
of the photoabsorption of a gamma quantum is secondary fluorescent 
radiation of the excited atoms. The probability of the photoeffect 
is particularly large compared with the probabilities of other 
processes at small values of quantum energies and at high atomic 
numbers Z of the absorber. For a given quantum energy, the photo- 
effect cross section increases with increasing atomic number 
approximately as Z °2. For a specified atomic number Z, the crogs 
section of the photoeffect increases with decreasing energy [7] as 
1/E when €>0.5 Mev, and as 1/e2 when € <0.2 Mev. 

Table 9 gives the values of the energies of the gamma quanta, 
at which the photoeffect cross section op, becomes equal to the 
Compton scattering cross section gd¢g, and the energies at which 

When the quantum energy is smaller than indicated in the 
column for Oph = adc, the photoeffect becomes the predominant type 
of absorption. 

In Table Al5 of Appendix II we give the cross sections of 
the photoeffect Opn, calculated for one atom of matter. For com- 
parison, the table gives also the cross section of the Compton 
scattering aOc, also calculated per atom. 

Compton scattering. The Compton scattering takes place on 
the electrons of the atom. As a result of the scattering the 
quantum loses part of its energy and changes the direction of its 
initial motion. 


Table 9 


Quantum energy € at which the cross section of 
the photoeffect 18 equal to and is 1/5 as 
small as the scattering cross section 


€, Mev, with 
Substance 
Toh = a% | Sph = 1/5 ad 


Nitrogen. ecsece 
Aluminumecccoes 
LON 6.6016 ss 5 es 
TiS AO 6 66ecaa-Seraree 
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The energy lost by the gamma quanta is converted into 
kinetic energy of the electron on which the scattering takes place. 
In the gamma-quantum energy region in which the Compton scattering 
is more probable than the photoeffect, it is possible to neglect 
the binding energy of the electron in the atom compared with the 
quantum energy. It can therefore be assumed that the Compton 
scattering occurs on the free electrons. 

The values of the energy €, acquired by the recoil electron 
and of the energy £y retained by the scattered quantum depend on 
the angle @ of deflection of the quantum from the initial direction: 


ca (1 — cos 9) = g (6.1) 


—— —- —/ ry OS 
1 +a (1 — cos 0) , 1+ a (1 — cos @) 


é 


(here & is the energy of the initial quantum, expressed in units 
me* = 511 kev). 

Thus, a quantum that experiences Compton scattering does not 
drop out of the gamma radiation in the matter, and merely loses part 
of its energy and changes its direction of motion. The energy lost 
in the scattering of a gamma quantum is equal to &., i.e., the same 
energy that is transferred to the recoil electron. 

The greatest energy (€,)nay Which can be transferred to an 


electron and hence lost by the gamma quantum, is 


E 


f max = i (6.2) 


This occurs when the quantum is scattered by 180°, i.e., "backward" 
(the electron is emitted "forward" in this case). The energy of a 
quantum scattered by 180° is at a minimum and is equal to 


Tmin l+2a ma+tQe — (6.3) 


When € > me“, this quantity cannot be greater than me“/2 = 250 kev, 
and when € = 0.5 Mev, we have €Ynin = 170 kev, 1.€., €Ymin depends 
little on the quantum energy when €>0.5 Mev. 

At small scattering angles (cos @~1), i.e., when a quantum 
is scattered "forward," the energy of the scattered quantum differs 
little from the energy of the initial quantum, and the absorption 
of energy during the scattering is small. In this case the elec-~ 
tron is emitted in a direction close to perpendicular to the motion 
of the quantun. 

In Compton scattering, the gamma quantum may be scattered in 
all directions and the recoil electrons can be emitted only within 
the limits 7/2 @ +-T/2, i.e., only in the "forward" direction. 

The quanta are scattered preferably "forward." 

The greater the quantum energy, the lower the probability of 
its scattering by a large angle. This can be seen from Figure 8, 
where the differential cross section of scattering of the quantum 
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by an angle @ is shown in relative units, as a function quantum 
energy veal differential "forward" scattering cross section is taken 
to be l). 


Scattering 
cross section 


Scattering angle 6 


Figure 8. Differential cross section of 
scattering of quanta as a function in the 
scattering angle © for different quantum 


energies & = ame* [19]. 


The probability of "forward" scattering 1s independent of 
the quantum energy; with increasing quantum energy the probability 
of scattering by angles other than 0 decreases. 

The probability of scattering of a quantum that passes 
through matter is characterized by the scattering cross section and 
is equal to the scattering cross section per square centimeter of 


square area (S, em“) for each square centimeter perpendicular to 
the quantum flux 


where o¢ is the scattering cross section per electron, and Ne is the 
number of electrons along the quantum path in a volume having a 


transverse cross section of 1 cm-. 
The scattering cross section per atom, adc, is Z times 


greater than the section per electron (Z -=- atomic number of the 
substance): 


att = L200. (6.5) 


The distribution of the energy of a quantum that has experienced 
scattering, between the recoil electron and the scattered quantun, 
ls characterized by cross sections oO, and o., the energy transferred 


to the electron being €o,/oc¢, and the energy remaining with the 
scattered quantum being Eoy/9o¢ (€ -- initial energy of the quantum). 
It is obvious that 


e7 


The scattering cross section decreases with increasing 


quantum energy. In Figure 9 and in Table A1l6 of Appendix II are 
given the values of 0, Ge, and o¢ per electron as functions of the 


quantum energy. 


Not 
NSS TH 


6 10724 om“/ electron 
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Figure 9. Cross section for Compton scattering, 
Oc, for the transfer of energy to the electron o, 


and for the transfer of energy to the quantum oy, 
at different quantum energies. 


If the dimensions of the scattering medium are sufficientl) 
large, then a quantum scattered once can experience secondary, 
etc., scattering. Thus, multiple scattering of the quanta takes 
place in media whose dimensions are sufficiently large compared 
with the mean free path of the quanta. In each scattering the 
quantum loses part of its energy and changes its direction. As a 
result quanta with lower energies appear in the scattering 
medium, in addition to the primary quanta. The greater the 
scattering experienced by the quantum, the smaller these energies 
are. 
Figure 10 shows the ratio of the average quantum energy 
after a single scattering to the initial energy of the quantum, as 
a function of €. It is seen from the figure the smaller the 
quantum energy, the smaller the fraction of the energy that the 
quantum loses on the average in the scattering. 
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Figure 10. Ratio of the average quantum 
energy € after single Compton scattering to 
the energy of the quantum prior to the 
oe for different quantum energies € 
20 Jj. 


A limit on multiple scattering of the quantum in the 
medium is imposed by the photoeffect. When the quantum energy 
decreases to such a value that the photoeffect is more probable 
than Compton scattering, the gamma quantum is absorbed as a re=- 
sult of the photoeffect. 

In air, the probability of the photoeffect becomes 
comparable with the probability of the Compton scattering (Table 
9) at € = 30 kev. A quantum with an initial energy & = 3 Mev 
should experience on the average ~20 scatterings prior to being 
absorbed. In air the lifetime of such a quantum is ~4 x 1076 sec, 
and in water it 18 ~5 x 1079 sec. 

Production of electron-positron pairs. Pairs are produced 
as a result of interaction between the gamma radiation and the 
Coulomb field of the nucleus. The process becomes possible only 
at a quantum energy in excess of the energy corresponding to the 
sum of the rest masses of the electron and the positron, i.e., 


E > 2moe° = 1.02 Mev. In this process, the gamma quantum loses all 
its energy which, after subtracting 2moc*, goes into the kinetic 
energy of the electron and positron. 


When a pair is produced, the gamma quantum drops out 
completely from the composition of the gamma radiation in the 
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matter. This process, however, leads to the formation of secondary 
radiation, occurring during the annihilation of the positron. 
Annihilation occurs with the maximum probability when the energy of 
the positron is close to zero. Upon annihilation, two gamma quanta 
of energy by 511 kev each are emitted. 

The cross section for pairs production op increases with 


increasing gamma-radiation energy and with increasing atomic number 
of the absorber (~2Z®). 

The process of pair production predominates over other 
processes at high gamma-ray energies. Table 10 gives the values of 
the gamma-ray energies at which Op becomes equal to agg and a%G/5- 


Table 10 
Quantum energy €, at which the cross section 


for pair production is equal to and is 5 times 
smaller than the scattering cross section 


Substance 


Nitrogenecceoce 
Aluminum...ece 
LYON <.6:6-0-6 6:0: 86% 
LO OO ss. 6064666 ee 


Summary linear coefficients of interaction between radiation 
and matter. When a parallel beam of gamma quanta passes through 
matter, any interaction between the quantum and the matter causes 
the quantum to drop out from the parallel beam, either by absorp- 
tion or by a change in the direction of motion through scattering. 
Therefore the total interaction cross section 04, with respect to 


dropping out of a quantum from a parallel beam of quanta, is equal 
to the sum of the cross sections of all the three individual pro- 
cesses 


OH = nh + Sg + Tne (6.7) 
The number of quanta dropping out _from the parallel beam of 
the gamma quanta of density N quantum/cm* when the beam passes 


through a layer of absorber of thickness dx, in the case of normal 
lncidence of the quanta on the absorber, is 


a aa aa re ae (6.8) 


Here 0% -- summary cross section of interaction, referred to a 
Single atom; n -- number of atoms in 1 om of mediun; es density 
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of medium in g/om?; dm -- mass of matter obtained in a layer of area 
2 
1 cm° and thickness dx; (dm=pdx 77); w=o,;n -- linear coefficient 


of absorption of radiation, with a dimensionality em71, This co- 

efficient is equal to the probability of interaction of a quantum 

with the substance per unit path length of quantum in the absorber. 
The coefficient #/p is called the mass coefficient of 


absorption and has a dimensionality cm°/g. It is equal to the 
probability of interaction of the quantum with the matter per unit 
mass, located on the path of radiation in a layer of area 1 cme. 

The quantity A= 1/u 1s the mean free path of the gamma 
quanta in the substance. 

All these quantities characterize the total probability of 
interaction between the radiation and the substance, which leads 
both to absorption and to the scattering of quanta. The cross 
section o% and the coefficients pz and A characterize the total 


probability of interaction between the quanta and the matter, but 
do not characterize the value of the gamma-ray energy absorbed 
thereby. 

The absorbed gamma-ray energy is the part of the energy 
transferred to the electron by photoeffect, scattering, and pair 
production, and consumed by the electron in ionization and optical 
excitation of the atoms. That part of the energy which remains in 
the form of gamma quanta, naturally, is not the absorbed energy of 
the gamma radiation (this is the energy of the scattered quantun, 
of the X-ray quanta, and of fluorescence following the photoeffect, 
the quanta of annihilation of the positron after pair production, 
and the bremsstrahlung of the recoil electron). Therefore the 
cross section of absorption of the gamma-quantum energy in inter- 
action with matter is 


Ore = £15 pn + foat%e + Fz0p- (6.9) 


The coefficient f, takes account of the fact that in photo- 


absorption part of the absorbed gamma-quantum energy is radiated 
in the form of secondary fluorescence. 

The coefficient fo takes account of the fact that secondary 
bremsstrahlung is produced in the bremsstrahlung of the recoil 
electrons. 

The coefficient f3 takes into account the annihilation 
radiation and the bremsstrahlung of the electron and positron. 

All coefficients fcl. 

An approximation of Ot, with the aid of the coefficient f 
is made in reference [8] in order to take account of the secondary 
sources Of radiation in the problem of the absorption of gamma rays 
in the process of multiple scattering. 

In the cases of interest to us, the role of fluorescent, 
bremsstrahlung and annihilation radiations is small and the ex- 
pression for ote assumes the usual form 


Ste = Sph + a% + OD = % = ays (6.10) 


DL. 


The reduction in the energy of gamma radiation which passes through 
a layer of matter of thickness dx 1s equal to 


d E= — Neo, n dv = — Nep, dx = 
— — Net? dm — — Ne %. (6.11) 
p A 


e 


here € -=- energy of the primary quanta, Hern and ne are coeffi- 


cients that characterize the probability of process of absorption 
of the energy by the gamma rays by the medium: 


Ht, = 5,,n, cu * 
tee (6.12) 


he = Ife, OM 


In Tables A17 -- A2l of Appendix II are given the quantitiesu, 


He A, A, p/p, and p,/p for water, air, aluminum, iron, and lead for € 


from 0.1 to 10 Mev. The values for air are obtained from the 
corresponding values for water by multiplying by the ratio of the 
electron densities (p/p, = 860). 

Figure 11 shows the values of for air. The dotted line 
shows the values of (4, without allowance for secondary radiations 
(fluorescence, annihilation, bremsstrahlung). The values of HL, 
are given with allowance for the secondary radiations. In Appendix 
II (Table A17 - A21) are given the values of u for water, aluminun, 
iron, ald lead. Figure 11 gives the values of pos ppp, Lge andu p» 
i.e., the linear coefficients of absorption of rediatton energy, 
photo-absorption, Compton scattering, and absorption of radiation 
during the process of pair production. 

Figure 12 gives the values for A for air at different 


quantum energies. 
From these figures and tables it 1s seen that Ite of air and 


of water vary little in the quantum energy interval from 0.1 to 2 
Mev, and it can be considered constant, with the limits of error 
not exceeding +t 12 percent, at a value 3.4 x 107-5 cm=!l for air and 
0.029 em71 for water, + 12 percent. 

As the radiation energy increases the coefficient uw first 
decreases and reaches a certain value of Umin at Emin, and then 
increases again. The reduction in the coefficient tt is connected 
with the reduction in the probability of the photoabsorption and 
Compton scattering processes with increasing gamma-radiation energy. 
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Mean free path Ain air (normal temperature 
) for different quantum energies. 


and pressure 


Figure le. 


The increase in the coefficient # at high energies of radia- 
tion 18 connected with the appearance of pair production at € > 2mpc? 
and with the increase of the probability of this process upon 


further increase in€. 
The quantity Emin depends on the atomic number of the sub- 


stance; the smaller Z, the greater Emin. Table 11 lists the 
values of Emin for different substances. 


Table ll 


Quantum energy at which 4 assumes a minimum value. 


Erin 9 Mev. e 


The role of the pair-production and photoeffect processes in 
absorption of gamma rays 1s significant only when the radiation 
interacts with heavy elements. For light elements the predominating 
process is Compton scattering. For example, for air, at least 
within the limits of Compton energies from 100 kev to 3 or 4 Mev 
(Figure 11), the interaction between the radiation and matter is 
determined only by the Compton scattering. 

Table 12 gives the intervals of gamma-quantum energy, in 
which one of the three basic processes Of interaction between 
quanta and matter predominates. 


Table le 
Value of quantum energy at which one of the 


three processes of interaction between the 
quanta and matter predominates in the absorption. 


Photoeffect Compton Pair production, 
Substance €, kev scattering €, Mev 


30 kev< E€ < 23 Mev 
tt 15 tt 
10 it 


It is seen from the table that in air, aluminum, and iron, 
in the gamma-quantum energy range from 100 kev to 10 Mev, the pre- 
dominating process is Compton scattering. In Compton scattering, 
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the linear coefficient of absorption is determined by the density 
of the electrons in the matter 


1 = ,Oon = OgnZ = Gong. (6.13) 


Here ne = nZ is the density of the electrons in the matter, 


N 
(pest 


(N is the Avogadro number; e -- density of the substance; A -- the 


atomic weight). 
Substituting (6.14) in (6.13) we obtain 


fw = OceN 4. (6.15) 
or 
- = OcN 4. (6.16) 


For light elements the value of Z/A is close to 1/2 (with the 
exception of hydrogen, which Z/A = 1). 

Table 13 lists the value of Z/A for several elements and 
chemical compounds. 


Table 13 


Magnitude of ratio £. 
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According to these data and formula (6.15), the linear coefficients 
of absorption of the light elements and their compounds (i.e., 
most of the structural material) are proportional to the density 
of the matter and are practically independent of Z. The mass 
coefficients of absorption 1/p are independent of the density of 
the substance. Therefore, knowing / for one substance, we can 
readily determine H# for any other substance by multiplying by the 
ratio of the densities of the substances. 

This simple rule is valid only when the quantum energy is 
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such that the predominating process is Compton scattering, and it 
is therefore approximate. The degree of accuracy of this rule is 
determined by the constancy of the ratio Z/A (Table 13) on going 
from one substance to the other. It is the exact only for sub- 
stance with the same ratio Z/A. For example, the two substances 
water and air do not have the same values of Z2/A, therefore the 
rule of proportionality of and p is not exact for these sub- 
stances: 


P water 1 
This ratio differs somewhat from the ratio of the coefficients of 
absorption, which is equal to the ratio of the electron densities 


U water _ Ne water = 860. 
4 air Ne air 


The Roentgen. The ultimate purpose of a physical estimate 
of the action of gamma radiation is to determine the gamma ray 
energy absorbed by 1 cm? of air. This quantity called the dose,* 
characterizes the biological action of the radiation. The dose 
can be expressed in units of energy absorbed in the air and in 
units of amount of electricity released as a result of ionization 
of the air upon absorption of the gamma-ray energy. The dose is 
measured in roentgens (r). By definition, a dose of one roentgen 
is the amount of absorbed radiation, which produces in 0.00129 
grams of air the number of ions necessary to make up one cgs 
electrostatic units of each polarity. 

The roentgen is related to other units used in the calcula- 
tion of doses by the following connections: 

1 roentgen corresponds to ionization in air, equivalent to; 

a) 1 cgs esu/cm of air, 

b) 2.08 x 107 pairs of ions per cubic centimeters of air, 


ce) 1.61 x 1012 pairs of ions per gram of air; 
1 roentgen corresponds to an absorbed gamma-ray energy 
equal to: 
a) 6.86 x 104 Mev/em of air, 
b) 0.11 erg/em3 of air, 
c) 84 erg/g of air, 
ay 5.3 x 10! Mev/g of air, 
e) 93 erg/g of tissue. 


#In the official definition of the dose, one refers to the radia-~- 
tion dose and not to the absorbed radiation energy. But since 

the biological action is produced by the absorbed radiation energy 
and not by the radiation passing through a given place, we speak 
here of a dose of absorbed energy, all the more since in the 
official definition the radiation dose is measured, in final 
analysis, by the energy absorbed in air. 
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Table 14 


Density of quantum flux and intensity of 
radiation producing a dose of 1 roentgen 
at cee aaad a energies 
27 


uantum 
ome 


° 9 
No * 10 


1 Mev/em? of air equals 1.48 x 1075 r, 

1 Coulomb/em? of air equals 3 x 10? r. 

Table 14 lists the values of the density of the flux of 
gamma rays (No, quanta/cem@) and the corresponding energy flux 
density (€ = Nof, Mev/em“), which produces a dose of 1 roentgen. 

The intensity of gamma radiation necessary for the forma- 
tion of a dose of 1 roentgen in the gamma-ray energy interval 
from 0.1 to 2.5 Mev, is practically independent of the energy 
(since be in air is approximately constant) and amounts to 


2.1 x 109 Mev/em* + 15 percent. 


~. PROPAGATION OF GAMMA RADIATION FROM A POINT SOURCE IN A 
HOMOGENEOUS INFINITE MEDIUM. 


Distribution of dose intensity of gamma rays at different 
distances from the source. This problem is basic for all practical 


applications, since the action of any configuration of sources can 
be made up of the sum of the action of point sources. It corres- 
ponds to the scheme of action of gamma radiation from explosion as 
described in Item 1 of the introduction (page 10 [of source], 
Figure la). 

This problem has been the subject of many theoretical and 
experimental investigations. The most complete theoretical results 
were published by Fano and Spenser [9] and by Goldstein and Wilkins 
[10]. By using the method of simulation in water, the most complete 
results were obtained by Leipunskil and Sakharov (quantum energy 
0.41, 1.25, and 2.8 Mev), by White [11] (quantum energy 1.25 Mev), 
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and by Roys and others [22] (quantum energy 6 Mev). 

It can be stated that the problem of the three-dimensional 
distribution of doses and of the intensity of gamma radiation from 
@ point source in an infinite medium has been completely solved. 

Little attention has been paid to the following problems, 
which are also of practical importance: the case of an inhomogen- 
eous medium (for example, variable density of the medium, the 
boundary between two half spaces of earth and air), angular distri- 
bution of doses, spectral distribution of intensity of the 
scattered radiation in various solid angles, etc. 

This problem considered has spherical symmetry. Therefore 
the distribution of the intensity and of the doses of the gamma 
rays in space depends only on one space coordinate -=- the distance 
R from the source. 

The intensity of radiation from an isotropic point source 
attenuates with increasing R, owing to increased distance from the 
source and owing to the interaction with matter. 

In vacuum, the attenuation is produced only by the geometri- 
cal factor and therefore 


_ G (7.1) 
Vv 4x Ra 


(G 18 the activity of the source, Mev/sec). 

In a medium, the intensity decreases also as a result of 
absorption of energy in the substance. 

A definite fraction of the quanta passes through the sub- 
stance without being scattered or absorbed. These constitute the 
so-called direct radiation, unlike the scattered radiation, the 
composition of which is determined by the multiple scattering 
(diffusion) of the quanta. Inasmuch as the probability of a 
quantum passing through a distance R without interacting is equal 


to e HR, the intensity Jo of the direct radiation is 


G | eR 
J ae v0 se 
0 An Rt é : (7 ) 


It is obvious that the sought J(R) is less than Jy(R), since no 


absorption is taken into account in (7.1), but is greater than 
Jo(R), since the absorption has been over-estimated in (7.2) 
(scattered quanta not taken into account in (7.2), are added to 
the direct-radiation quanta). Thus, 


J (RJ>JI(R)> J, (R). (7.3) 


According to (7.1), (7-2), and (7.3), the expression for 
J(R) can be written in form 
G 
4n R% Ky (7.4) 


where Ky 1s the intensity attenuation factor (Kj<1), equal to the 
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ratio, at the given point in space, of the intensity of the gamma 
rays in the presence of an absorber to the intensity in the absence 
of an absorber, or else in the form 


G —uR 
4x R2 


BY, =J, B,, (7.5) 


where By is the intensity bulld-up factor, equal to the ratio of 
the intensity of radiation to that part of the radiation due only 
to the direct radiation 


J, +d : 
By = 89 (7.6) 
Jo 
Jg -~ intensity of scattered radiation. It is obvious that 
kK, = Bye ; (7.7) 


The expressions (7.3), (74), (7-5), (7-6), and (7.7) are 
written for the intensity of the gamma radiation, but they can be 
generalized for all effects connected with the action of the quanta. 
Then, in accordance with (7.6), the coefficient B can in general 
be taken to mean the ratio of the result of a definite action of 
the total flux of gamma-ray quanta to the result of the action of 
the flux of quanta due only to the direct radiation. The subscript 
of the coefficient B will indicate in this case the particular 
radiation action referred to. For example, By is the ratio of the 
total number of quanta to the number of quanta in the direct bean; 
BJ 7-- ratio of the total intensity to the intensity of the direct 
beams; By == ratio of the total dose power to the power produced 
by the direct beam. One can introduce also coefficients B for the 
ratio of the readings of certain instruments, etc. 

Similar symbols are used also for the attenuation coeffi- 
clent K. 

According to (6.11), the dose power of interest to us, P, 
1.6., the power of the absorbed energy, is connected, in the case 
of a monoenergetic radiation, with the intensity J (in Mev/em@) by 
the following relation 


P=1,J 1,48 1075, r/sec (7.8) 


(1.48 x 1075 is the conversion factor from absorbed energy in 


Mev/cem? to the dose, r). 
In the case non-monoenergetic radiation, the expression 
(7.8) must be replaced by 


P=1,48 - 10-5 |, (e) J (e) de, r/sec. (7.9) 


vu 


After passing through the matter, the gamma radiation becomes 
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non=-monoenergetic, even if the source itself, with a quantum energy 
Eo, is monoenergetic. In this case the factort, (Eg) 1s taken 


outside the integral sign 


P ==1,48 - 10-5 p, | te) Fee) de. (7.10) 
Ihe 


In accordance with (7.10), (7.4), (7-5) and with considera- 
tion of the general meaning of the coefficients B and K, we can 
write down the following expressions for the dose power from a 
monoenergetic source with quantum energy €0: 


P = 1,48 - 19-2 Ste 2) K,, x/seo; (7.11) 
P =P, B -=1,48 - 10-3 Ste Gl nre —HC)® p/gec; (7-12) 
Cape vr" (7.13) 


As already indicated, in a wide range of quantum energy 
€ -~U(€), is practically independent of ©, therefore J~P, Kp#Ky 
and Bry B,. 

The determination of the coefficients Ky (R, Eg) or By (Eg) 
is a problem in the theory of multiple scattering of quanta or of 
model experiments. 

Theoretical determination of Bn. Figure 13 and Table A2e 
of Appendix II give the calculated values of By [10]. In these 
data the distance from the source R is expressed in units of mean 
free path of the primary radiation in the mediumAg = 1/u(EQ). 
With the space coordinate expressed in this manner, the magnitude 
of the coefficient of attenuation of the radiation per unit length 
of absrober is independent of its intensity, and all the laws of 
absorption of radiation in media with equal values of Z, but with 
different densities, assume the same form. This rule is retained 
also for substances with different Z in the case when only the 
scattering by the free electrons is of importance in the inter- 
action between the quanta and the substance (Table 12). 
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Figure 13. Dose build-up factor Br, (Eq, -R) 


for gamma radiation from a point source in 
water at different values of quantun energy 
Eq [10]. 


According to this rule, the coefficients B for two absorbing 
media are equal, if the thickness of the absorber is expressed in 
units Ag = I/u (Ep). 

The ratio of the quantitiesAo for water and air at 0°C and 
a pressure 760 mm is 860. When measuring distances in ordinary 
units of length, the coefficients B for water and for air are equal 
at distances from the source differing by a factor of 860. This 
rule serves as the basis for the possibility of simulating the con- 
ditions of propagation gamma rays in air with the aid of small-size 
water models. 

The accuracy of the calculation of Br and By is estimated by 


the authors at 7 5 percent for the case of iron and lead at short 
distances from the source and at 7 15 percent for long distamces. 

In the case of light elements such as water and aluminum, the 
estimates are +10 percent for short distances and + 25 = 30 percent 
for long distances. 
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Figure 13 shows the values of By in water for different 
distances from the source (the values of € are marked on the end of 
each curve). From Table A22 of Appendix II and from Figure 13 it 
is seen that as the distance from the source is increased, the 
coefficients By are continuously increased and that consequently the 
role of radiation in the production of the gamma-ray dose also in-~ 
creases continuously. 

For primary radiation €g = 0.5 Mev, at a distance from the 
source of 10 R/Ag in water, the dose produced by the scattered 


radiation is 80 times greater than the dose produced by the direct 
radiation. By interpolating the data of Table A2e2 of Appendix II 
we can obtain values of Bp for elements with different values of Z 
and for different quantum energy og. Thus, values of Br have been 
obtained for €o = 1.6 and 2.2 Mev, which are characteristic of 
gamma-ray sources produced in the region of an atomic explosion. 

The values of Br can be calculated also from interpolation formulas. 

The values of Bp given in Figure 13 and in Table A22 of 
Appendix II make it possible to calculate the doses of gamma rays 
up to toR = 15 or 20. At greater distances from the source it is 
difficult to solve the kinetic equation for the distribution of 
gamma rays with a sufficient degree of accuracy even with the aid 
of electronic computers. 

At large values of HOR, an asymptotic form has been derived 
for rs, aac of the intensity and the power of the gamma-ray 
dose {9]. 

Experimental determination of Kp. Figure 14 shows a compari- 
son of the results of an experimental determination of the 
coefficients of attenuation in simulation experiments in water 
(according to the data of references [11, 21, 22]) with the theo- 
retical values obtained by formula (7.13). 

The laws of attenuation of gamma-ray doses thick layers are 
not simple exponential laws. The observed effective linear coeffi- 
clents of absorption of the dose power of gamma rays, Hore (the 
change in the logarithm of coefficient of attenuation or the dose 
power per unit length of absorber) is not constant, but depends on 
the distance to the source. At small distances, Perr is close in 
magnitude to Hoe -- the coefficient that determines the absorption 
of the energy from the direct radiation. This is natural, for at 
small distances from the source the double or multiple scattering 
has low probability, and the energy loss in single scattering of 
radiation 1s determined by the coefficient Hoe. 

For soft radiation, the coefficient Werf at small distances 
from the source may be even less than tog, when the flux of the 
backward-scattered radiation from deep layers of the absorber is 
added to the direct and singly-scattered radiation traveling from 
the source. 


42 


Wf h/ | 


yy 


(OA 


* 
S 
“\ 
N 
N 
7 
= 
= 
- 
- 


lll yg 


Figure 14. Coefficient Kp (€9, HoR) of attenuation 
of the dose of gamma radiation from a point source 
in water at different quantum energies. 


For example, with €o9 = 0.41 Mev and less, at a distance 
YoR = 1 from the source, the gamma-ray dose not only is not 
attenuated by the absorber but, to the contrary, is intensified. 

As the distance from the source is increased, Herff increases and 
approaches Wo, i.e., the linear coefficient of absorption of the 
primary radiation. 

It can be seen that, over a wide range of source quantum 
energies, the experimental and theoretical methods of investigation 
give identical results within the limits of errors of calculation 
and measurement. Since the accuracy of the theoretical calculations 
of the value of K for Eg = 0.41 Mev is less than the accuracy of the 
experiment, we shall use the experimental data in further ecalcula- 


tions for this energy. 
From Figure 14 it is seen that within a definite interval of 


distances from the source the laws of attenuation of the gamma-ray 
doses can be represented approximately by means of the empirical 
formula 
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P= 1,48 - 19-22 He) 4, ~ Herth 


as , r/sec. (7.14) 


Using this notation, we introduce two coefficients & and 
Morr, which depend little on the distance, in lieu of the coeffi- 
cient By, which depends very strongly on the distance, and p(Eg), 
which does not depend on the distance. The coefficient % is inde- 
pendent of the density of the substance, while the coefficient 
Herp is proportional to the density p. Therefore the expression 
for the coefficient of attenuation Kp can be written in the form 


instead of (7.13). 
Formulas (7.13') and (7.14) are convenient to use in the 


case when they can be employed in the interval of distances in 
which &® and Uepp can be considered constant. 

Figure 15 shows the values of ® and Uerp for air for two 
distance intervals in which & and Ueprr were assumed constant. 

The distance intervals 400 - 1000 and 1000 - 2000 meters 
were chosen such as to make formula (7.14) give a result accurate 
to +10 percent. If the permissible error is greater, the width 
of the interval with constant & and terp where (7.14) is valid* 


can be increased. 

Intensity of gamma radiation in the presence of a spherical 
cavity around the source. A spherical cavity around the source is 
the simplest model of inhomogeneity of air, occurring in atomic 
explosion along the path of the gamma rays, as a result of the 
propagation of the shock wave. 

Information on the propagation of radiation in air, is ob- 
tained in this case with the aid of simulation experiments in 
water. The region of rarefaction around the source was simulated 
in water with the aid of 10 empty aluminum spheres, the center of 
each of which a source was placed. The radii of the spheres were 
18.5, 29.5, and 40 centimeters, equivalent to rarefaction regions 
in air with radii 160, 254, and 342 meters. The measurements were 
carried with three gamma-ray sources with €p = 0.41, 1.25, and 2.8 


Mev. 


%*In Chapter III we shall use formula (7.14) instead of (7.12). 
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Figure 16 shows the result of the experiments, with the 


abscissa axis representing the thickness of the layer of water 


1) along the path of the gamma rays, i.e., a quantity numeri- 


cally equal to the "optical thickness" 4 (since p = 1). 


of the quanta, in Mev, 


(R - 
figure. 


The energy 


is marked on the end of each curve in the 


The approximate agreement between the coefficients of 


attenuation in the experiments with and without cavity shows that 


Kr, and consequently also Br and Herr, are functions of the 


"optical thickness" R - L. 


aS: 


Thickness of water layer along path of 
y rays, R-L, cm 


29.5 centimeters; 


Coefficient of dose attenuation Kr of 
-~ for L= 


— measurements without cavity, +++ - for 


40 centimeters; AA4 
0 o - for L = 18.5 centimeters. 


gamma radiation in water in arbitrary units in the 


presence of a spherical cavity of radius L around 
&@ point source, for different quantum energies: 


Figure 16. 


L 
0 
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The results of the experiments is the conclusion that the 
coefficient of attenuation of the radiation Ky, both in a homogen-~ 
eous absorbing medium and in a medium in which the absorber becomes 
rarefied around the source, is almost the same for equal thickness 
of absorber R - L along the path of the gamma rays. This follows 
from the approximate agreement between the values of Kr in experi- 


ments with and without cavity. Thus, the value of Kr, which is 
equal to 


—uR 
B.(pR)e., 


is a function of u(R - L). 

The result obtained can be interpreted in a more general 
form. The coefficients characterizing the attenuation of the 
radiation of the absorber Br and Kr at a point located a distance 
R from a point source, are determined not by the value of My or 
leaky 4 by a quantity analogous to the so-called "optical thick- 
ness : 


‘ 
=\|padR. (7.15) 


If the density of the matter is variable and depends on R in 
accordance with a law o(R), then the coefficient u(p) changes, de- 
pending on p> in accordance with the law 


p(p) =p (ro, (7.16) 


and then 


R R 
a= | ua R= {  (p,) p (R) dR. (7.17) 
O 0 


If the density of the substance is constant, then 


\ + ED aR =e (04) R. 


i.e., the “optical thickness" in this case is equal to the para- 
meter uRe 


If this source is surrounded by a cavity of radius L, then 
we have @ - 0 when RCL and © = 69 when ROL, and consequently 
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R 
A= \e (o,) 2) aR =p (¢0) (R—L)=2*. (arn 
0 
Q 


Figure 16 shows that in the case when the medium does not 
have a homogeneous density it is necessary to use as the parameter 
determining the value of the coefficients B and K the values (7.15) 
and (7.17') -- the "optical thickness," instead of HR or R/A. This 
operation is approximate. The degree of approximation can be seen 
in Figure 16. 

The concept of "optical thickness" is used in Chapter III 
in the estimate of the effect of the shock wave on the intensity of 
the gamma radiation. 

Notes on the propagation of gamma radiation in air near the 
earth. If an atomic bomb explodes near the surface of the earth, 
then the propagation of the gamma radiation occurs under conditions 
of an inhomogeneous medium, i.e., of two half spaces -- the earth 
and the air. 

The effect of the earth on the propagation of gamma rays in 
earth has been investigated little. 

The interaction between the radiation and the earth is 
particularly important when calculating the gamma-ray doses on the 
surface of the earth -- on the boundary between the earth and the 
air. 


Let us consider the possible difference between this case 
and the case of propagation of gamma rays in a homogeneous air 
medium. 

In a homogeneous medium at large distances from the source, 
the intensity of the gamma rays is determined essentially by the 
scattered radiation, which is produced by a broad beam of primary 
gamma rays. 

In the presence of earth, part of this broad of gamma rays 
is absorbed by the earth in the direct vicinity of the source and 
does not participate in the creation of scattered radiation. 

If the point source and the point at which the radiation is 
investigated are located at the level of the earth, then half of 
the broad beam of the gamma rays traveling in the direction from 
the source strikes the earth and is absorbed in it. One can 
therefore expect that in this case the total intensity of the gamma 
radiation at large distances from the source is approximately half 
as small as in the case of a homogeneous air medium. At small 
distances from the source one can expect, to the contrary, a cer- 
tain increase in the intensity of the gamma rays, by 10 or 20 
percent, owing to the presence of radiation scattered backward from 
the earth. 

The characteristic features of the propagation of gamma rays 
ln air over the earth are shown in Figure 17. The radiation 
scattered in the air, making up the main contribution to the dose 
at large distances, occurs only on the upper half of the space, 
whereas in the case of a homogeneous air medium it would also come 
from the lower half space (dotted). Therefore in the case shown 
in Figure 17 the dose is approximately half the dose in an infinite 
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homogeneous medium. If the source is located not on the earth, but 
above it, then as its distance from the earth increases, the influ- 
ence on the gamma-ray doses on the surface should decrease. 

The foregoing qualitative considerations concerning the 
propagation of gamma rays in air over the earth have been confirmed 
by experimental data. 

Figure 18 shows curves in the attenuation of the gamma-ray 
dose intensity according to the data of the author and V. N. 6 
Sakharov. The experiments were carried out with a source of Co 0, 
located at a height of 1 meter above the earth. 
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Figure 17. Features of the propagation of gamma 
radiation in the case when the source and detector 
are located in the boundary of the air -- earth half 
spaces. 


Figure 18. Coefficient 
of attenuation of the 
dose of gamma radiation 


from a Co®0 point source 
When the source and the 
detector are located on 


at a height of 1 meter 
above the earth (curve 
2). For comparison, 
the figure shows the 
attenuation coefficients 
in a homogeneous air 
medium (curve 1) calcu- 
lated from the 
measurements in water 
and the coefficients 

of attenuation of the 
direct ray (curve 3). 


AQ 


the earth -- air boundary 


Spectral composition of gamma radiation. In reference [10] 


the spectral distribution of gamma radiation in an absorbing 
medium was calculated for different distances of the point source. 
Figure 19 shows the spectral composition of the gamma radiation of 
@ monochromatic point source of unit activity (G = 1 Mev/sec) with 
Ey = 2 Mev in water. The spectral distribution is expressed by the 


function 


f le, } (€) R} = 


d J 
8 (7.18) 


d 


Along the abscissa axis is plotted the quantum energy in Mev, while 
the ordinates represent the values of the function (7.18), referred 
to the intensity of the direct radiation of the source, i.e., the 


values f[€, u(EQ)RI/Jo. 


1 dJ _ ffe,p(eo) R} — ss le, w (0) RJ An R2 eh (to) R : 


Jo ds Jo [» (£0) FR] G 


The function f[E, UU (E_)R] makes it possible to calculate the 
intensity of the gamma rays at different energy intervals over 
different distances from the source 


| flew () Ri d=, ., 


(in the interval €} to €o at a distance from the source 
H(EQ)R) 3 


Lt) 


\7 [ev (&)) Ride =J [v (6) RI; — 


6 


fle u(m) Ride _ J _p. 
Jo Io J? 


eo 
ie [e, # (&) Ride __ 
J {ue (0) R) 


In Table 15 and in Figure 19 are given the values of the 
intensity in different spectral intervals Jey? €5 in percent of 


the overall gamma-ray intensity J for uU(E_)R = 4.7 and 15. 
In Figure 20 we compare the form of the spectral distribution 
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of gamma rays in water and different LL(EQ)R with energy 2 Mev. The 


curves shown in this figure coincide in the soft part of the spec~ 
trum. 


As can be seen from Figure 20 and Table 15, the relative 
spectral distribution established as a distance (2 - 4) R/Ag from 


the source changes little with further increase in R/Ag. Approxi- 


mately 1/4 of the entire radiation energy belongs to the soft 
radiation with energy €< 0.25 Mev. 


Figure 19. Spectral 
distribution of the 
intensity of gamma radia- 
tion in water at different 
distances at UR from a 
point source of quanta 
with energy © = 2 Mev. 
The values of the inten-~ 
sity of radiation are 
expressed in units of 
intensity of direct ray 
Jo, at the given place 


[10]. 
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Figure 20. Comparison 
of the spectral dis-~ 
tribution of the in- 
tensity of gamma 
radiation in water at 
different distances 
Mor from a point 
source of quanta of 

2 Mev energy. The 
curves forUor = 4 

and 20 on Figure 19, 
coincide with the 
curve (tor = 7, to 
which the scale on 

the ordinate axis re- tn 
fers. 


02 Q¢ U6 OB 10 12 19% 16 18 20Mev 


As u(€9)R changes from 4 to 20, the ratio of the intensities 


of the individual spectral components in the soft part of the 
spectrum, for €<1.5 Mev, remains almost unchanged, while when 
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€>1.5 Mev it changes by not more than 30 percent. 
Table 15 


Spectral distribution of gamma radiation in water 
from a quantum source with energy 2 Mev, percent 


knergy 
interval, uw {z%) R= 4 yp (e&) R=7 p (%&) R=15 


Note. The intensity of radiation in the energy 
interval is given as a percentage of the 
overall intensity J[u(E9)] R 


Angular distribution of gamma radiation. The question of 


the angular distribution of radiation arises in cases when part ofr 
the radiation is held back by a shield, and the detector receives 
only the gamma rays traveling from the scattering medium in a 
definite solid angle. Such a problem is encountered in all schemes 
of action of gamma rays. 

There is no published theoretical solution of this problen. 
The available experimental data are given below. 

The angular distribution of the radiation of a point source 
in a homogeneous medium depends, in view of the symmetry of the 
considered problem, only on two space coordinates: the distance to 
the source and the angle © between the directions to the point 
source and to the radiating volume in the medium. Corresponding 
to the "forward" half space is the interval of 9 from 0 towN/2, 
while corresponding to the "backward" half space is the interval of 
@ from 3t/2 tot. When the source and the detector are both located 
on the earth surface, the solid angles of the forward and backward 
half spaces are equal to steradians instead of 2Itas in a homo-~ 
geneous mediun. 

The dose D(w) produced by the radiation from the space 
occupying a solid angle w, 18 equal to 


D (») = D E (9) dw, (7.20) 


e 
w@ 


where D is the total dose in the given place, 5(@) is the dose 
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produced by the radiation traveling in a unit solid angle at an 
angle @ and expressed in fractions of the total dose, i.e., 


3 (8) = — ee) 


dw 


, 


. (7-21) 
6(0) dw = 1, 


A=0 
There exist separate data on the dose produced by the radia- 


tion from the entire "backward" half space, 1.e., concerning the 
quantity 


§ '6(O)da, 


:/'2 


yy, = 


oo 


and separate information on the quantity §&(6) in the "forward" 
half space. 

The author and V. N. Sakharov, and also A. A. Voevodskil, 
have determined the amount of radiation reaching the measurement 
point from the scattering medium in a wide angle @, from it /2 ton, 
i.e., from the "backward" half space of the scattering medium. In 
one of the investigations, the experiments were carried out in 
water with point sources of quanta with Eg = 0.41 and 1.25 Mev, 


while in the other -- in the case of propagation of a parallel beam 
of quanta with €o = 1.25 Mev in concrete. 

In both investigations, in order to estimate the amount of 
radiation going from the "backward" half space in a solid angle of 
2 steradians, a comparison was made of the gamma-ray dose measured 
ln a homogeneous medium, with the gamma-ray dose measured after 
removal of the "backward" half space of water or concrete, respec~ 
tively.* 

The angular distribution of the radiation from a point source 


of 6000 in air over the earth was determined in reference [12] (the 
source and the detector were located at a height of one meter above 
the earth). The "backward" half space occupied an angle of 7 
steradians, and not 2 steradians. 

Reference [12] also gives data on the dose of gamma rays 
going from the "backward" half space, and on the angular distribu~ 
tion of the gamma rays within the limits of the "forward" half 
space. 

The results obtained in work on the angular distribution of 
doses in the "backward" half space are given in Table 16, in which 
is listed the percentage ratio of the dose of the gamma rays from 


*Such a method of measurement gives a somewhat excessive value of 
dose from the "backward" half space, in view of the possible 
multiple passage of radiation from the "backward" half space into 
the "forward" one and vice versa. 
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the "backward" half space to the total gamma-ray dose, 1i.e., Spe 
Table 16 


Dependence on the dose of gamma rays in the "backward" 
half space (Sp, percent) on the thickness of 


the absorber R/Ag 


Medium and type of source Ro ay, % 
1,42 5,6 
l. Conerete. Parallel beam of gamma roe oe 
rays with Eo = is25 MCVecccecces 575 13.8 
7,8 | 26 
2. Water. Point source of gamma rays | 
a With Eo = 0.41 MOV 6:66:6wieeece we 0s 4,18 30 
dD With €9 = 1.25 MG Vig:.d 6: a: 6 6 9 tele te ae 3,8 13 
3. Air. Point source of gamma rays ree a 
on the air -- earth boundary Dae 
with Eg = 1-25 MOY 66:60:06 6.06 662040 266 10.9 


s 


Note. The values of 5p for the case of propagation of gamma 
rays in air over the earth are closed over the values 
of 5» in homogeneous mediun. 


The fraction of the dose from the "backward" half space 
increases with increasing R/Xo and with decreasing quantum energy. 

The limiting value of this fraction can obviously not exceed 
50 percent of the total dose of gamma rays. In view of the absence 
of detailed data on the spectral and differential angular distri- 
butions of the radiation within the limits of the "backward" half 
space, one can start out in practical calculations from the 
following estimates: 

le The angular distribution of radiation within the limits 
w/2<@<Wis uniform, i.e., 18 independent of @ and consequently 
it is given for a homogeneous medium by the formula 


6(@) = Sp (7.22) 


and for the case when the source and the detector are located on 
the earth ~= air boundary, it is given by the formula 
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8(e) = 8, * (7.23) 


(the values of 5, are indicated in Table 16). 

2. An analogy spectrum of radiation in backward scattering 
(Section 11), the energy of radiation going from the "backward" 
half space lies essentially in the interval © = 100 = 300 kev. 

The angular distribution of the doses from the radiation 
going from the "forward" half space can be determined from the data 
of [12], which pertains to a Co°° source and to a small interval 
of R/Ac values. 

In Table 17 are given the values of 8(@) in the "forward" 
half space with R/Ao = 2.66, calculated from the data of refer- 
ence [12]. 


Table 17 


Angular distribution of doses produced by 
radiation from the "forward" half space 


Interval of angle Do* 

of measurement of - 100% 8(8) 100% **. 

radiation 6, deg 
0—5 45,7 ae 
o—10 5,1 157 
10—20 8,8 61,4 
20—30 7,2 31,6 
30—40 5,9 18,9 
40—50 4,9 12,6 
50—60 4,0 9,0 
60 — 70 3,3 6,7 
70—80 Zyh 5,1 
80—90 2,2 4,0 
90 — 180 10,2 3,2 ** 


#D(w)/D -= ratio of doses produced by the 
radiation arriving at the measurement point 
within the limits of the given angles 9 to 
the total dose of gamma rays. 

##8(Q@) -- ratio of dose which arrives on the 
average per unit solid angle within the given 
limits of @ to the total gamma-ray dose. 

### Average value over the solid angle Tj, 
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It 1s seen from Table 17 that the angular distribution of 
the gamma rays is highly anisotropic.* 
Within the limits of @ from 7.5 to 90°, with R/Ag = 2.661, 


we have 


0,04 


—_—_--____ , 1/steradian. 
1,035 — cos 8 


5 (@)= 


Within the limits @ from 90 to 180° we have 
5 (0) = 0,032, 1/steradian (7.24) 


The fact that the average value of 6(@), taken over the "backward" 
half space [8(@) = 3.25 x 107°] is close to the value of $(@) for 


@ = 80 = 90° (8(e) =~ 4x 107-], as determined in a solid angle 
which is 1.3 as large as the angle of the "backward" half space, 
indicates that the angular distribution of the radiation in the 
"backward" half space is much more isotropic than the "forward" 
half space. 


8. POWER OF GAMMA-RADIATION DOSE IN AIR OVER AN EARTH SURFACE 
COVERED WITH GAMMA-RADIATION SOURCES. 


This problem corresponds to case "c" (see introduction and 
Figure lc). 

Any surface distribution of the gamma activity can be con- 
sidered as consisting of individual point sources and the dose 
power over the earth can be calculated as the sum of the doses from 
these individual point sources. 

Let us give the results of the calculation of the dose power 
of gamma rays over sections of the earth, uniformally covered by 
monoenergetic sources of gamma rays. 

The doses of gamma rays in air from the point source were 
determined from data obtained with sources of gamma quanta of three 
different energies (€9 = 0.41, 1.25, and 2.8 Mev) in model experi- 
ments in water, pertaining to the propagation of gamma rays in an 
infinite homogeneous medium. In these calculations we disregard 
the inhomogeneity of the medium, i.e., the influence of the earth 
on the dose in the air. 

The results of the calculations are given in the form of the 
formula** 


P=1,48 - 10-—5p, 0 f (e,, H, r), r/sec, (8.1) 


where P is the dose power of the gamma rays in air and altitude H 
above the center of an area on earth with radius r, on which the 
gamma ray sources are uniformly distributed. The activity of these 
sources is o Mev/sec-cm“, and He is the linear coefficient of 


absorption of energy in air. 
#One should expect the anisotropy of the angular distribution of 


the doses to decrease with increasing R/A. 
##The calculations were performed by V. N. Sakharov. 
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Table 18 


Values of the coefficient f(H, Eo, r) for the 
calculation of gamma radiation 


200 | 0,0024 | 0,0095 | 0,0375 | 0,1 | 0,215 
250 | 0,0015 | 0,006 0,0225 | 0,06 | 0,15 
300 _ eo = ee = 
500 |1,65- 10-4] 6,5- 10-4 | 25- 104 | 0,009 | 0,035 
1000 = = = = 


0,052 


sould f(H, €o, r) when the radius of the 
Eo» ait gamma-active surface is r meters 
Mev | 32825 
Sees 25 50 100 200 500 00 
i = = = = | —  |2,87 
1 {1,6 1,95 2,79 2,000 |2,695 {2,7 
20 — — — — — 1,1 
| 50 «(0,55 0,165 0,38 0,605 (0,74 0,79 
0.41 100 — — — — — 0,405 
200 {0,00205 {0,00825 |0,0305 0,085 0,14 (0, 1435 
200 = {|0,00105 0 ,00425 0,016 0,0485 |0,081 {0,085 
300 — — — — — 0,0485 
500 40,435- 10-4]1,75- 10-4 j6,4- 10-4 [0,00215 |0, 00525 |0 ,00625 
(1000 ps ae - — | — __[0,00006 
ly o7| — = = = ~ 129, 
l 1,6 1,95 2,28 2,535 | 2,7] 2,73 
25 — _ — — — 1,125 
00 0 ,0535 0,165 0,37 0,585 | 0,76 0,78 
1.95 100 — — — — — 0,45 , 
200 0,0022 0,00875 | 0,0375 | 0,093 | 0,18 0,193 
290 0,00125 0,005 0,0185 0,05251 0,1165} 0,13 
300 — — — _ — 0,09 
500 jl - 10-4 | 3,9- 10-4 {14,5- 10-4 | 0.005 | 0,0135) 0,018 
l 1,6 1,93 2,20 2,929 | 2,735 2,785 
25 — — — — = 1,19 
00 0,053 0,16 0,369 0,595 } 0,8 0,855 
2.8 100 — — — — — 0,035 


Dif 


As was shown in Section 6, Ue, depends little on € and it can 
be set at 3.4 x 1075 + 12 percent for quanta with © ranging from 
O.1 to 2 Mev. | 

The values of the coefficient [f(H,e, r) , needed for calcu- 
lations by means of formula (8.1) of doses over a surface which is 
uniformly covered by gamma sources of energy €o Mev, are listed in 
Table 18 (the radius r of the gamma activity of the surface is 
given in meters). 

The values of the coefficient f(H, €o9, r) for values of Eo, 
H, or r different from those given in Table 18, can be obtained by 
interpolation. 

Figure 22 shows, for convenience in interpolation, the values 
of f(H, €o) as functions of Eg. It follows from Table 18 and 
Figure 22 that at low altitudes above the earth (H<200 meters) the 
magnitude of the dose of the gamma rays depends only on the surface 
density of the radiation of the energy and is practically independent 
of the energy of the gamma quanta, Eo, in an interval of €o from 
0.41 to 3 Mev. This circumstance makes it possible to determine, 
on the basis of dosimetric measurements carried out on altitudes up 
to 200 meters, the density of the surface contamination of the earth 
or the dose power of the surface of the earth, independently of the 
energy of the quanta radiation from the sources covering the earth. 

Table 18 shows that for H+0.7 - 1 meter the intensity and 
the dose power of the gamma rays can be calculated from the follow- 
ing simple formulas: 


Jz 3s, Mev/sec * on, (8.2) 
P~1,5 + 107%o, r/sec. (8.3) 


Figure 21 shows the values of the coefficient f(H, €o, r) as 
a function of the magnitude of the radius of gamma activity on the 
earth's surface (the values of the quantum energy are marked at the 
end of each curve. At the end of each group of three curves, per- 
taining to the quantum energies 0.41, 1.25 and 2.8 Mev, there is 
indicated the height of the detector H above the earth). 
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H, r) in formula (8.1) on the radius 


r Of a surface uniformly covered by sources 


of gamma radiation. 


Figure 2l. 
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Figure 22. Values of the coefficient 
f(Eo, H, r =) for different quantum 
energies €, determining according to 
(8.1) the dose power in air at an 
altitude H above an infinite area, 
uniformly covered with sources having 
a surface activity o Mev/cm@ sec. 


As can be seen from the figure, at small heights above the 
earth (Hl meter) the dose of gamma rays is determined essentially 
(up to 90 percent), by sources located not farther than 200 = 300 
meters from the measurement source. The gamma activity of more 
remote portions produces only an insignificant fraction of the 
total dose. 

As the height of the point of dose measurement above the 
earth is increased, the role of the remote portions becomes more 
important. Table 19 gives the radii of sections, whose gamma 
activity determines 50, 80, and 90 percent of the total dose of 
the gamma radiation above an infinite surface of the earth, uni- 
formly covered by gamma-ray sources. 

The table makes it possible to estimate the influence of 
contamination sections located at various distances from the 
measurement point on the gamma-ray dose. This is important to 
know when doses are measured over regions with nonuntform radiation 
energy density o. 
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Table 19 


Radii of sections (r, meters) producing a definite 
fraction of the total gamma-ray dose 


Height of 
measure- {€) = 0.41 Mev|&> = 1.25 Mev/€&, = 2.8 Mev 
ment 
point 
above the z 
earth, 
H, meters 50% | os Ez 50% | 80% | 90% | 50% | 0% 90 % 
] 15 75 | 140 15 85 | 160 15 95 | 130 
50 100 | 200 | 290 | 110 | 230 |} 325 | 130 | 270 | 370 
200 140 | 300 | 375 | 210 | 340 | 460 | 260 | 475 — 
290 200 | 370 | 450 | 250 | 370 | 470 |} 300 | 500 — 
500 280 |; 460 — {| 325 | 550 — | 450 — — | 


If the distribution of the activity above the earth is 
uniform within several hundred meters, i.e., if o@ = const, then 
it is possible to determine the dose at not too high an altitude 
above the earth from the values of the coefficient f calculated 
for an infinite plane, i.e., the coefficient f(H, €, r =o). 


9. DOSE POWER OF GAMMA RADIATION ABOVE A PLANE LAYER OF ABSORBER, 
CONTAINING SOURCES OF GAMMA RADIATION. 


This problem corresponds to case "b" (see Introduction, 
Figure lb) of the action of gamma rays in an atomic explosion. 

When the earth becomes activated, and also when gamma 
activity becomes distributed in a volume of water, individual 
point sources of gamma rays are distributed over a layer of the 
absorber (earth or water). To calculate the doses of gamma radia- 
tion above the surface of a gamma active layer of absorber, it is 
necessary to take into account the absorption of the radiation in 
this layer. 

As in the case described in Section 8, the dose of Y rays 
can be calculated as the sum of the doses from the individual 
point sources. The yield of y radiation from an individual point 
source from an absorber layer into the air above the surface has 
been investigated experimentally by means of water experiments. 
With an error not exceeding 110 percent, the coefficient of 
attenuation of the dose power the Yrays, at an absorber layer up 
to (4 = 6)Ay can be represented in the form (7.13') [21]. 


-x/Xx 
Kr = Qe a ert (9.1) 
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where x is the thickness of the layer of absorber along the path of 
the y rays from the source to the point of measurement, while @ and 
Norr are empirical coefficients. 

The values of the coefficients & and Agrp for the case of 
absorption of the radiation in water in the presence of point 
sources of Y-quantum energy €o, amounting to 0.41, 1.25, and 2.8 
Mev, and of Y rays from Na24, are given in Table 20. 

The radiation of Na®4, which consists of y rays with €9 = 1.4 
and 2.8 Mev, is the most characteristic for the radiation from earth 
and water activated by neutrons. The values of Aerr for earth, 
concrete, or other substances which consist of light elements can 
be obtained by multiplying the given values of Agrr for water by 
the ratio of the electron densities of the substances. This has 
yielded the values of Agrp for water given in Table 20. 


Table 20 


Parameters of & and Agrr of the coefficient 
of attenuation Kp in formula (9.1) 


18 
24 
39 
34 


The coefficient @ for absorbers made of light elements is 
independent of the density of the substance. The values of @ and 
Aerr for y-quantum energies different from those given in Table 20 


can be obtained by interpolation, using Figure 23. 

If the distribution of the y activity in the absorber layer 
is known, then by using the data of Table 20 it is possible to 
calculate the doses of Y rays above the surface of the absorber. 
With uniform distribution of the Y activity, it is possible to 
obtain the solution in the form of simple formulas. 

Figure 24 gives the scheme of the solved problem.* The dose 
power of the ¥ rays at an altitude H above an infinite layer of 
absorber of thickness x, with sources uniformly distributed in such 


*The calculation of the dose power was carried by V. N. Sakharov. 
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away that the specific activity corresponds to ¢ Mev/sec - cn, 
is 


_ _ xl 
nt rdr 
P= 1,48 - 10-5 | ae oe dx, r/sec. (9.2) 
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Figure 23. Attenuation of the dose power 
from a point source on passing through a 
plane layer of water. The values of the 
coefficient Agrr ami & in formula (9.1) 
are for different quantum energies €. 
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Figure 24. Scheme for 
calculating the dose power 
at an altitude H above a 
layer of absorber, in 
which the sources of Y 
radiation are uniformly 
distributed. 
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It is seen from Figure 24 that 


aL 
Sst ldl=rdr (9.3) 


(19 18 the minimum distance from the detector to the earth, from 
which the integration begins, 92H). In integrating from Zo to 
infinity, one calculates the dose power of the Y rays, produced 
by the Y activity of the entire active layer, with the exception 
of those portions of this layer which are located at a distance 
(<7o from the detector P(7o). In integrating from 7g = H too, 
one calculates the dose power from the entire active layer P(H). 
The difference between P(H) and P(Z,¢) determines the dose power of 
v rays from the VY activity, located at a distance 7 <Jlp from the 
detector; x is the thickness of the active layer, measured in the 
same units of length asAgrr. The distances H and / are measured 
in identical arbitrary units of length. The absorption or scatter-= 
ing of y quanta in air is not considered, and therefore (9.2) is 
valid only for small values of the height H. 

By integrating with respect to x and f@ and using formula 


(9.3), we get 


xdo 
” Aered 
fr eff 
+ 7 , r/sec. (9.4) 


For the entire infinite activated layer of absorber of thickness x, 
i.e., for [yg = H we get 


P (x, ly = H)= -10-Sy a Xf | - > 
(x, lo =H) = 1,48 - 10 pale] es ( )| 
x 


+ Aster € - e = r/sec. (9.5) 


For an infinitely thick layer, i.e., for x —>w, we get 


A 
P(l,, x= c0)=— 1,48 - 10-' pla g —2it . r/sec. (9.6) 


When 75 = H and when x —>, 1i.e., for an infinite uniformly acti- 
vated half-space of absorber, we have 


P=1,48- 1075p ag Aeth r/sec. (9.7) 
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A feature of formulas (9.5) and (9.7), derived for an in- 
finite layer of absorber, is that the dose power of the Y rays does 
not depend on the height of the point of measurement above the 
layer, i.e.,.0n H, so long as absorption of Y rays in the air can be 
neglected, meaning so long as the height of the measurement point 
above the earth is not greater than 20 - 50 meters. 

Using the formulas derived we can determine the dose power 
not only above an infinite section of a Y-active layer of absorber, 
but also over a finite one. 

The dose power above a layer of absorber of radius r and 
thickness x is 


P(r, x)=P(H,x)—P(L=VHFPI+P, x)= 


= 1,48 - 10S p, o£ F (s,, H, 7, x). (9-8) 


Figure 25 shows the values of the coefficients F(Eg H, r, x), 


calculated from formulas (9.4), (9.5), and (9.8) for an altitude 
of 1 meter_above the surface of y-active earth with density p = 


= l./ g/cm. The coefficients F have been calculated for ~-quantun 
energies €9 equal to 0.41, 1.25 Mev and for y rays Na@4 at various 


thicknesses and radii of the active layer of earth. On the right- 
hand vertical axis are shown values for an infinitely thick layer 
of active absorber, i.e., for the case KX —»a@. The values of the 
quantum energies ©, to which the curves pertain, are written down 
at the end of each group of curves. The upper group of curves 
pertains to non-monoenergetic Y radiation from radioactive Na 4, 
consisting of quanta with energies 2.8 and 1.4 Mev. 

As can be seen from Figure 25, the upper layer of earth of 
thickness 5 centimeters produces approximately 50 percent of the 
dose produced by an infinitely thick radioactive layer. 

Layers of activated ground located at depths greater than 20 
centimeters, can produce not more than 50 percent of the complete 
dose of Y rays if the earth is uniformly activated. One can there~ 
fore assume that the dose above the surface of the earth is produced 
essentially only by the upper active layers, 20 - 30 centimeters 
thick. For the radioactive layers of thickness one can use in 
practice the simple formulas (9.6) and (9.7), which have been derived 
for infinitely thick layers. In accordance with (9.8) 


Aeff H 
P(e,H,r)=1,48 - 10-5 p,a ¢ al ? ts). (9-9) 


(the dependence on € is through Aerr)- 
Here 


Lo=VAt+r. 


From this formula, as well as from the data given in Figure 
25, one can draw conclusions concerning the dependence of the dose 
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power above an active layer on the radius r of this layer. In the 
case of uniform activation of the ground, parts of the active ground 
located at a distance greater than lo from the measurement point, 
produce (H//g) x 100 percent of the total dose of Y rays produced by 
the entire infinite iayer of ground. For example, when H = 1 meter, 
the portions of the ground more than 10 meters away from the point 
of measurement produce only 10 percent of the total dose, while 

the portions more than 20 meters away produce only 5 percent of the 
total dose. 


ev 


4) 221M 


Na 


Figure 25. Values of the coefficients 
F(x, r, €9), which determine, according 
to (9.8), the dose power above a plane 
around layer of absorber x centimeters 
thick and of radius r, in which the 
sources of Y radiation are uniformly 
distributed. 


Taking into consideration the statements made above regarding 


the weak dependence of the dose power above an active layer of 
ground on the thickness of the layer when x>e0O centimeters and on 
the radius of the layer when H = 1 meter and r>20 meters, and 
recognizing that in real atomic explosions the ground is uniformly 
activated within the indicated limits of x and r, we can use the 
following formulas for the calculation of the doses from the acti- 
vated ground: 


A 
P=1- 48 - 10-*p,ag-St2, r/sec, (9.10) 
A 
J =ag a Mev/sec, (9.11) 


i1.e., the formulas derived for an activated half-space of ground. 
Substituting in formula (9.10) the values of the coefficients 
O& and Agrp for sodium from Table 18 (@ = 1.23, A= 20 centimeters, 


p = 1.7 g/em?, te = 3 x 1075 em), we get 
P=5,8- 10°. Ig, r/sec, (9.12) 


where II -=- neutron flux, neutrons/cm“. 
The values of g are given in Table 7. 
Immediately after the explosion we have 


P—3,35 - 10-'4II, r/sec, 
after 1 hour 

P=2,6-10—611, r/sec, 
after 20 hours 

P=7,9 °10-""IIl, pr/gec, 


10. ATTENUATION OF A PARALLEL BEAM OF ‘Y RAYS IN A PLANE LAYER 
OF ABSORBER. 


This problem corresponds to item ‘ad’ in the introduction and to 
Figure 1d. The paper of Hirshfelder, Adams, and Hull [13] gives an 
approximate solution, and in reference [10] there is a more exact 
solution of the problem for the case of normal incidences of the Y 
rays on a plane layer of absorber. 

In reference [13] it 1s considered a plane layer of absorber 
finite thickness, on both sides of which there is vacuum (Figure 
ldo). On the other hand, in reference [10] it is assumed that the 
layer of absorber occupies a semi-infinite space (Figure 1d1). 
Thus, the formulation of the problem is somewhat different in these 
two references. 

In the first reference is calculated the intensity of the 
VY rays passing through the layer of absorber. 

In the second reference is calculated the intensity of the 
Y vays inside the absorber, i.e., the overall intensity of the y 
rays that have passed through a definite layer of absorber, and of 
the y rays reflected from the deeper layers. 
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Thus, the doses in the case of Figures ldj and ldo should 
differ by the intensity of the backward-scattered radiation. From 
the quantitative point of view, the backward scattered radiation 
depends on the thickness of the absorber layer traversed by the 
radiation, and may amount from 10 to 50 percent of the total dose 
of yradiation. 

The results of an experimental investigation of the fact of 
parallel fluxes of Y rays through a layer of absorber were obtained 
by A. A. Voevodskii and L. B. Pikel'ner. 6 

They investigated the attenuation of Y rays from Co in 
concrete slabs. The doses measured experimentally were found to be 
smaller than the doses calculated according to the data of reference 


[13]. 

The calculated dose may exceed the measured ones by 1.353 - 2 
times, and then the calculated thickness of the concrete shield will 
exceed the correct one by 5 - 10 centimeters. Such deviations can 
be considered acceptable. 

Thus, the measurements of Voevodskii and Pikel'ner show that 
in practical calculations of shields against Y rays, it is possible 
to employ the data of the theoretical investigations [13] and [10]. 
A design of shielding according to these data will contain a cer- 
tain "safety factor. 

The attenuation of the doses, calculated in reference [10], 
can be represented by means of interpolation formulas similar to 


(7.13"), 1-ee, 


- x/Nore 
D=D,K,= D,«e e (10.1) 


Figures 26a and 26b show the values of the coefficients @ and Agrr 


from formula (10.1), for which this formula gives an error of fF 10 
percent compared with the data of reference rio }.* 

Everything said above pertains to normal incidence of YY rays 
on the layer of absorber. In the case of oblique incidence, the 
intensity of the Y rays attenuates more strongly than in normal 
incidence of the y rays on the same layer. This is natural, since 
the path covered by the primary Y rays in the layer of absorber 
becomes longer, i.e., the thickness of the layer along the beam of 
the ¥Y rays increases; we shall call this new thickness the oblique 
thickness of the layer. 

When the Y rays are incident at an angle ~ on the surface of 
an absorbing layer of thickness x, the oblique thickness is 


faa = (10.2) 


*The calculation of & and Agpre from the data of [10] was made by 
V. I. Tereshchenko. 
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It would be wrong to assume that the attenuation of the dose 
power of the Y rays can be calculated from the formulas for normal 
Incidence of y rays by substituting in these formulas the layer 
thickness x by the oblique layer thickness ¢ (10.2). Such a calcu- 
lation will yield too low a value of the y-ray dose. The point is 
that in oblique incidence of Y rays, some of the scattered radiation 
can pass through the layer of absorber through a shorter path than 
the direct radiation, and consequently the effective thickness of 
the layer in oblique incidence of Y rays is less than the oblique 
thickness of the layer x/cos#, and in the case of normal incidence 
of the ¥ rays the path of the scattered Y quanta through the layer 
of absorber will always be greater than the path of the direct 
radiation. 

Figure 27 illustrates the possibility of the scattered 
radiation passing a shorter path than the direct path in the layer. 

The deviation of the effective layer thickness from x/cos » 
was observed in the measurements of A. A. Voevodskii and L. B. 
Pikel'ner, and also by Wyckoff and others [14]. 


a) b) 


Direct L 
radiation Direct Scattered 
radiationy radiation 


AA 


Scattered 
radiation 


Figure 27. Incidence of quanta on a plane 
layer of absorber; a -~ direct; b -- oblique. 


The coefficient of attenuation of the dose in case of oblique 
Incidence of the quantum flux can be expressed by means of a rela-~ 
tion 


K, (1, ?, E4) =a (9, fo K) K, (Z, Ey). (10.3) 


The coefficient a(~, Eo, K) takes into account the specific 
nature of the oblique incidence, a(p, Eg, K)>1, while Ky(l, &p) is 


the coefficient of attenuation of the dose at a thickness 2 ob- 
tained either by theoretical calculation or by experiment. The 
coefficient K,(Z, Eo) pertains theoretically and experimentally to 


cae incidence of a parallel beam of quanta on a layer of thick- 
ness /. 
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When ~ = O we have 
l= x; a (9, & K)=1. (10.4) 


Table 21 gives the values a(y, €o, K), obtained in reference 
[14]. In that work Kp was measured inexperimentally at normal in- 
cidence of the 'y rays. 


Table 21 


Dependence of the coefficient 4 (9, &, K) in 
expression (10.3) on the quantum energy £o, 
and on the coefficient of attenuation Kr 

at different angles of incidence 


Coefficient of 
attenuation Kr 
for normal 
incidence of 


‘YY rays 


Value of @ (9, & K) for 


0,1 1,1 1,2 1,2 
0,41 0,01 2,0 2,7 4,0 
0,001 3,7 7,0 15,0 
0,1 1,2 1,2 1,3 
0,66 0,01 1,7 2.5 3,7 
0,001 2,3 5,2 10,1 
0,1 1,0 1,0 1,2 
1,25 0,01 1,4 1,9 2,0 
0,001 2,0 3,5 0,6 


In the interval of incidence angles from 0 to 30° it can be 
assumed that a, &9) = 1, 1.e., that the "oblique" thickness of 
the layer is equivalent to the "direct" thickness. At greater 
angles of incidence it is necessary to take into account the fact 
that "direct" and "oblique" thicknesses are not equal, and to employ 
in the calculations the coefficients a(~, €&o, K) in accordance with 
(10.3). 

The value of a(g, Ego, K) increases with increasing ¢ and K 
and decreases with increasing €g. Table 21 is so far the only 
source of information on the values of a(gy, €o, K), which can be 
used to estimate the doses in oblique incidence of ‘y rays on a 
shielding layer. 
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11. ALBEDO OF fy RADIATION. 


The question of the albedo arises in the analysis of the 
action of ¥ rays from an atomic explosion (Introduction, Figure 1). 
Experimental data on the albedo of f rays are scanty, in particular 
with respect to the spectral and angular distribution of the 
scattered radiation. The greater part of the information on albedo 
can be obtained from the theoretical papers [15] and [16], in which 
the calculations were performed by the "Monte Carlo" method. As 
regards the spectrum and angular distribution of the scattered 
radiation, the accuracy of the calculations is probably higher at 
present than the accuracy of the measurements. 

The scattered quanta emerging from the surface of the 
absorber are formed in the concrete and in the light elements, 
essentially as a result of multiple scattering rather than single 
scattering. In scattering from concrete, the multiple scattering 
provides two or three times more energy than single scattering. With 
increasing Z, the role of multiple scattering decreases, owing to 
the increase in the photoelectric absorption, and the value of the 
albedo approaches the value determined by single scattering, 
particularly at low quantum energy. 

Figure 28 shows the calculated values of the albedo of the 
Y~ray energy in the case of scattering from concrete at different 
ne of incident quanta and at different angles of incidence 

15 J. 

Table 22 lists the values of the albedo of the energy of Y 
radiation produced by quanta of energy 1 Mev. The albedo was cal- 
culated for different angles of incidence and for scattering from 
substances with different Z [16] (the table lists substances whose 
effective atomic widths correspond approximately to the indicated 
numbers of the elements). 

The albedo increases with decreasing quantum energy and with 
decreasing Z. As the angle of incidence is increased the albedo 
increases, and the dependence of the albedo on Z 1s less pronounced. 


Table 22 


Albedo of Y quanta with energy € = 1 Mev as a function of 
the atomic number Z and the angle of incidence 


ono jAlbedo of the energy Albedo of energy 

ap vee Se ee of an isotropic 
Substance o8 © source located 
2HO gy = 0° =: 45° | » = 80° on the surface 

2 of the scatterer 


Water & 0,051 0,085 0,198 0,15 
Concrete or earth) 43 0,044 | 0,078 | 0,192 0,13 
Iron or copper 29 0,027 0,061 0,175 0,12 
Tin or barium 50 0,012 0,038 | 0.140 0,08 
Lead _ 82 0,002 0,03 0), 092 0,05 


{2 


Figures 29 and 30 Bon the dependence of the albedo of the 
energy of ‘y quanta from Co°° on the atomic number of the scatterer 
as measured by B. P. Bulatov and E. A. Garusov [18]. The measure- 
ments pertained to experiments with normal incidence of the 

quanta on the surface of the scatterer. 


Albedo of energy of +) radiation 


9 OstsCo1§ 2 25 3 35 4 45 5 55 6 Mev 
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Figure 28. Calculated values of the 
albedo of the energy of y radiation 
in scattering from concrete of ‘ 
quanta with energy &, incident on the 
concrete at angles P = 09; 45°; 609; 
and 809; as marked at the start of 
each curve [15]. 


ONS 
Figure 29. Measured 
values of the albedo 
of energy of ¥ radia- 
tion of quantum energy 
O.41 Mev, incident 
perpendicular to the 
surface of scatterer 
with atomic number Z 
[18]. 
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Figure 30. Measured values of the albedo of 
energy of Y radiation from 6960 (average 
quantum energy 1.25 Mev), incident perpendicu- 
larly to the surface of a scatterer with 
atomic number Z [18]. 


Thickness of scatterer g/cm“ 


Figure 31. Dependence of the albedo of energy 
of Y radiation from Co°0, incident perpendicu~ 
larly to the scattering surface on the 
thickness of the scatterer (average quantum 
energy 1.25 Mev) [18]. 
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Figure 31 shows the radiation of the albedo with increasing 
thickness of the scatterer (at the end of each curve is indicated 
the scatterer material [18]). It is seen from Figure 31 that the 
albedo reaches its full value, shown in Figures 29 and 30 at a 
thickness equal approximately to 1 range unit for light elements 
and approximately 0.5 range unit for heavy elements. 

Calculated information on the angular distribution of 
scattered radiation is available only for the case of normal inci- 
dence of y quanta from co source on concrete. The intensity of 
the scattered radiation, traveling from the surface at an angle 
¢y to the normal, is approximately proportional to cos ¢. 

In the case of oblique incidence of y rays, the cosine law 
does not hold. In the "forward" direction the flux of the scattered 
energy is greater; a quantitative estimate is difficult to obtain 
at the present time. 

Figure 32 shows the calculated spectrum of scattered radia~ 
tion of CoO from concrete at different angles of incidence. The 
greatest amount of scattered energy lies in the interval 100 = 300 
kev. The few experiments do not contradict the values of Figure 32 
and show that the interval of quantum energy at which the maximum 
of scattered energy occurs is practically independent of the atomic 
number of scatterer and is at least for normal incidence, independent 
of the energy of the incident of Y rays in the investigated interval 
0.28 = 1.25 Mev. 
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Figure 32. Calculated spectral distri- 
bution of quanta scattered from concrete 
on which Y radiation from Co is 
incident (€9 = 1.25 Mev) for different 


angles of incidence [15]. 


The Y radiation from an atomic explosion is scattered and 
becomes softer on passing through air, therefore the albedo for 
alr is greater than that showing in Figures 29 and 30. 

Inasmuch as the value of the albedo depends on the energy and 
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on the angle of incidence of the quanta, the albedo of Y radiation 
from an explosion can depend on the distance from the center of the 
explosion, on the angle between the flux of quanta incident on the 
scatterer and the direction from the center of explosion, etc. To 
estimate the albedo of Y radiation from an explosion 1t 1s necessary 
to assume approximately that it is similar to the Y radiation from 


C060, surrounded by a layer of paraffin several range units thick, 
which simulates the air. The albedo of the energy from such a 
radiation can be scattered by concrete amounts to approximately 0.15, 
according to the measurements of V. V. Miller. 

Inasmuch as the calculations of the dose frequently do not 
require great accuracy, provided the calculated dose is not clearly 
underestimated, this value can be assumed as the value of the 
albedo for light elements in the case of Y radiation from an explo- 
Sion. In a more accurate analysis it is necessary to take account 
of the fact that the "forward" radiation (from the center of the 
explosion) has a lower albedo than that moving "backward", and the 
radiation of the "direct ray" has a lower albedo than the scattered 
radiation. 
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CHAPTER III 
YY ~RADIATION DOSE OF AN ATOMIC EXPLOSION 


12. INTENSITY OF FRAGMENT ‘YY RADIATION OF ATOMIC EXPLOSION. 
INFLUENCE OF SHOCK WAVE. 


The values of the y-radiation intensity J(R) and the dose 
power P(R) can be derived by applying to the atomic explosion the 
results obtained on the propagation of Y radiation from a point 
source in an infinite air medium (Introduction, item 1). Then the 
dose power is given by formula (7.12) or by the equivalent formula 
(7.14). Let us introduce into (7.14) the coefficients that are 
characteristic of the Yy radiation of the fission fragments (along 
with Herr we shall use also the reciprocal quantity Aorr = lee). 

In (7.14) we express G(t) in terms of the fission fragments 
and the activity of the fragments per fission u(t) 


G (t) —1,45-107? - £,,.u (t). Mev/sec 


The values of u(t) are given in Table 1. The coefficients Perr, 
Qa, Aort and 4, depend on the energy of the Y quanta emitted by the 
fragments. In accordance with Table 5, we assume that the time 
interval of interest to us (several seconds after fission) the 
average quantum energy is 2 Mev. Then We = 3 x 1075 cm71,. The 
values of & and Agppr in two intervals of distances from the center 
of explosion are given in Table 23. 

Substituting in formula (7.14) the numerical values of the 
coefficients, and expressing R in meters, we obtain 


PU. Ria ee a ee 


R? , r/sec (12.1) 


In accordance with Table 23, we obtain 


— RQ 
P (t, R) et Oe ih” | p/sec (12.2) 


Formula (12.2) can be used in a broader interval of distances, 


but the error in this case will be more than 10 percent. 


(7 


Table 23 


Values of & and Agrr in formula (7.14) at a 
quantum energy 2 Mev (t_ = 3 x 107? cmt) 


Values of coefficients 
in the interval of 
Coefficients distances R, meters 


400 < R«< 1000 | 1000< R < 2000 


Oz 1,82 3,9 


Asre/Ao 1,31 1,13 
Nerr, meters (at a pressure of 760 


mn Hg and a temperature 0°C)..... 231 200 
Aorr meters (at a pressure 760 mm 

Hg and a temperature 25°C). cece. 255 220 
Notts meters (at a density Ps ng/om 9 300/p _ 


Expression (12.1) was found to be insufficiently accurate, 
since it does not take into account the essential feature of the 
propagation of Y rays under conditions of an atomic explosion. 

Ya. B. Zel'dovich and the author have called attention to 
the fact that the absorption of Y rays along the path from the 
center of explosion to the point under consideration should be 
sensitive to the redistribution of the air mass caused by the 
passage of the shock wave. In the calculation of the propagation 
of the Y radiation in air it is necessary to take into account the 
real distribution of the air density produced by the shock wave 
during the time of the emission of Y radiation. Formula (12.1) is 
therefore highly approximate, and does not take into account the 
qualitative aspects of the phenomenon. We shall show below that 
it gives too low a value to the dose power, as a result of which 
the error may exceed one order of magnitude.* 

Let us examine the distribution of the density of air in a 
shock wave, which manifests itself on the propagation of Y rays. 

In a strong shock wave, which diverges from the center of 
explosion, all the air is concentrated practically in a narrow edge 
near the front of the wave and moves outward from the center. This 
in turn produces inside the shock wave a region with lower density, 
1.e€., &@ cavity. 

After the shock wave has passed by and the initial pressure 


#In reference [26], which was published after this book was 


written, there is mention of the influence of the rarefaction of air. 
The mechanism of this influence was not explained in detail. 
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of the air has been restored, the region with lower density never- 
theless remains. The entropy in the shock wave increases, the air 
does not return to the initial state and remains heated after the 
shock wave has passed and the initial pressure restored. In the 
region where the shock wave was strong, the residual heating is 
large and causes the air to glow. The fire ball that forms after 
the atomic explosion is the "trail" of the prior strong shock wave. 
The pressure in it is equal to atmospheric, and the density is low 
because of the high temperature of the air, i.e., the fire ball is 
a cavity in the air. 

Table 24 gives the distribution of the density of the air at 
different distances in the case of explosion of a 300-kiloton bomb, 
at the instant 0.765 seconds, when the radius of the front of the 
shock wave Rp is equal to 1000 meters; Table 25 corresponds to the 


instant 5.35 seconds, when Re = 3000 meters. 
Table 24 
Density of air in shock waves at various distances 


from the center of a 300-kiloton atomic explosion 
at an instant 0.765 second after the explosion 


Distance from 
the center, 1000 900 800 a | 500 400 300 200 


R, meters | 


Air density 


/ 2,34 | 1,58 | 0,913] 0,456} 0,187] 0.0585] 0,000] 0,000] 0,000 
P/Po 


The solid curve of Figure 33 shows the distribution of the 
air density at different distances from the center at the instant 
0.765 second. 


P/ py 

2 
Figure 33. Distribution of 
the air density in a strong 
shock wave (Epp = 300 kilo- 

f tons, 0.765 second after 
explosion, Rp = 1000 meters). 
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The solid curve of Figure 34 shows the distribution of the 
density of the air at different distances from the center at 5.35 
seconds. 

It is seen from Table 24 that 0.765 second after the explo- 
sion, at a distance up to 600 meters from the center, we have 
p/Po << 1. The absorption of Y rays in this region is negligible and 


One can assume that inside the strong shock wave* there 1s a cavity 
the radius L of which is 600 meters. 


MDs 


Re 
0 7000 2000 300i 


Figure 34. Distribution of the air density after 
passage of strong shock wave (Epp = 300 kilotons; 


t = 5.35 seconds after the explosion, Rr = 3000 
meters). 


With increasing time and radius of the front, the pressure 
in the front of the shock wave decreases, the shock wave becomes 
weak, the air partially returns in the opposite direction, and the 
central regions, as well as all regions with the exception of a 
small peak on the front of the wave, return to atmospheric pressure. 
However, the temperature in the central region remains high and the 
air density remains low. 

Subsequently the shock wave, propagating over an ever in- 
creasing distance, is continuously attenuated and turns again into 
a&@ sound wave. The phenomenon of the shock wave terminates, but the 
air remains heated by its passage. The cooling of the air (and the 
resumption of the normal density) is by radiation and by convection 
Over a prolonged time, much longer than the time of emission of the 
major part of the YY radiation. 

It is seen from Tables 24 and 25 that several seconds after 
the explosion the radius of the cavity, determined for example from 
the condition p/pg <0.2, amounts to 600 meters. 

Thus, the region near the center of explosion, in which the 
shock wave is strong, is a region where the low air density both 
during the time of passage of the shock wave and afterwards, 1l.e., 
during the entire time when the yY rays are emitted by the fission 
fragments. 

The radius of the fire ball Lfrp fixes the extreme position 
at which the shock wave was still strong. 

The evolution of the cavity exerts a strong influence on the 


*We call a strong shock wave one in which the pressure on the front 
1s much greater than the initial pressure. 
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intensity of ionization of the air at all points under considera- 
tion, inside and outside the cavity. 


Table 25 


Density of air in shock wave at various distances 
from the center of an atomic explosion of energy 300 
kilotons at an instant 5.35 seconds after the explosion 


Distance from 
the center, 3000} 2700] 2400} 2100 | 1800 | 1500 | 1200 | 900 | 600 } 300 


R, meters 


——————ee —— 


Air density : 
/Po 1,22) 1,1 | 1,01] 0,952] 0,939) 0,927] 0,878/0, 732)/0, 122/0,000 


The Y rays pass through the cavity practically without being 
absorbed; their flux decreases inside the cavity only in inverse 
proportion to the square of the distance from the center, as if the 
' rays were to propagate in vacuum. 

Let us give an example of the influence of the cavity on the 
intensity of ionization under the conditions of Table 24 for a point 
located at a distance R = 600 meters from the center of explosion, 
during the instant of time 0.765 second, when the shock wave has 
propagated at the distance Rg = 1000 meters from the center. 


Figure 35 shows a diagram of this example. 
a) b) 


Figure 35. Reduction in the absorbing layer 
of the earth when the detector D enters in- 
side the shock wave (b)3; a -~- distance at the 
instant of explosion. 


When the detector D (for example, an ionization chamber 
measuring the intensity of the ionization) is inside the cavity 
(Figure 35b), then obviously the intensity or the radiation dose 
power registered by the detector can be greater than during the 
first instant after the explosion (Figure 35a), because in this 
case (case a) an absorbing layer of air R is located between the Y 
ray source (fragment cloud) and the detector, and after 0.765 
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second (case b) a considerable part of the air between the fragment 
cloud and the chamber is carried away by the front of the shock 
WAVE. 

According to formulas (12.4) and (12.2) as well as Table 1, 
the dose power is: 

1) for case a In 

- R 
5,12 + 10" Eye, (0) oe eff 


Po) > oes 


2) for case b 


R2 


Bio) _ _ u(0,76) RAett 0,41, —600/255_ yg ea 
P(0.765 sec) ~~ Qul0O = ~ 1,8- 0,82 i ° 


The intensity of ionization at the instant 0.765 second 
should decrease to one half, because of the decay of the fragments; 
however, because of the passage of the shock wave the intensity of 
ionization not only did not decrease, but increased by a factor of 
2.9 compared with the initial instant of time. 

It is seen from the foregoing example that the formation of 
the cavity inside the shock wave is a strong physical factor, which 
determines to a considerable degree the intensity of the y radiation 
and the dose of the 'y rays in an atomic explosion. 

We have chosen for illustration an extreme case of the action 
of a strong shock wave on the passage of ‘ rays, namely the case 
when the front of the shock wave has moved to the position of the 
chamber (Figure 35b) so that there is practically no air between 
the center of explosion and the detector. 

However, in the case when the front of the shock wave has 
not yet reached the detector (Figure 36a) and consequently the 
total amount of air between the source and the center of explosion 
and the detector remain the same as before the explosion, and the 
presence of a shock wave decreases the absorption of the ‘Y rays. 

So long as there was no cavity (1.e., no shock wave), the 
Y radiation from the source O passed a distance R to the detector D 
in the absorbing medium of density po (Figure 36a). 

When a shock wave is formed the air, filling a sphere of 
radius Rp (Figure 36a), is forced into an edge of thickness AR<“R 


at the surface of the front, and a cavity is formed in a sphere of 
radius Rp -AR (Figure 36b). The length of path on which absorption 
of the Y rays takes place is much less in case b than in case a, 
because OR<< Rp. For example, when Re = 1000 meters, all the air is 
concentrated practically in the layer approximately 300 meters 
thick. To be sure, the density of the air, p, 1s greater along the 
path OR than it was previously on the path Rr, but the increase of 


the air density in the edge of the shock wave does not compensate 


for the reduction in the length of the absorbing medium. It is 
obvious that, as the mass of the air gets distributed in the 


P(0.765 sec) = 
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spherical layer, the greater the radius of the sphere the smaller 
the thickness of the layer (Figure 37). And since the absorption 
of the Y rays is determined by the thickness of the layer, it is 
found that the same mass of air is more "transparent" to the Y rays 
if it is distributed in a spherical layer of large radius. There~ 
fore the absorption of the Y rays is less in the case b than in the 
case a. 


a.) b) 


VT007700777777°777, 


Figure 36. Reduction in absorbing thickness of 
air when the detector is located outside the 
shock wave (b); a -- state prior to explosion. 


Let us illustrate the foregoing in an idealized case, when 
the distribution of the density in the front of the shock wave is 
in the form of a rectangle (Figure 38), instead of the distribution 
shown in Figure 33. 


a) b) 


Figure 37. Absorbing thickness A 
for radiation traveling from the 
center of a sphere, when a constant 
amount of matter is distributed: 
& =~ in a sphere of small radius 
(initial time) and b -~ a sphere of 
increased radius (subsequent time). 
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So long as there was no short wave, the intensity of the Y 
radiation emitted from a sphere of radius R was proportional to the 
factor 


“R/A gre “PoreR 
e = @ 


[see (12.2) and (7.14)]. 
The appearance of a shock wave causes the medium to become 


inhomogeneous and the density of the air is not uniform along the 
ray. It was shown in Section 7 that in the case of inhomogeneity 
of the medium one can use approximately the "optical thickness” to 
describe the absorption of the Y rays, and instead of Ui ppR we can 
put in (7.14) Vpepp(R)aR. 

In the case under consideration (Figure 38), p has a value 
O everywhere, with the exception of a layer of thickness OR, where 
0 = Pre Therefore 


Re 
p 
f egrarae par (12.4) 
Po Po 
0 


The intensity of the } radiation emitted from this sphere, 
after formation of a cavity (i.e., a shock wave) of radius Re, is 
proportional to exp (WeredRps/po). The quantity 4Ror is determined 
from the condition that the mass of the air contained in the volune 
of the cavity prior to the formation of the shock wave be equal to 
the mass of the air now located on the surface of a cavity of radius 
Rp in a layer of thickness OR 


4 
a mR’ 0, = Ar R* AR $s; 
hence 


R 
Pe = a - (12.5) 


Substituting (12.5) in (12.4) and (12.1) we find that as a result 
of the cavity produced in the air when the air is forced out of the 
periphery, the intensity of the yY radiation emitted from a sphere 
of radius Rp increases by a factor 


_ berrke ; 
e ? Mere *° Be Mere Lert 

a a... i ° (12.6) 
. Herr" 
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B/D 


riRe f 
1000 a 


Figure 38. Schematized 
representation of the 
distribution of the air 
density in the front of 
the shock wave. 


We shall henceforth call the quantity Lerfr introduced in 


(12.6) the effective radius of the cavity. It is equal to the 
radius of usual cavity formed by the removal of the air around the 
source, which reduces the absorption of the fy rays by the same amount 
as the shock wave under consideration. 

The effective radius of the cavity Lerf is equal to 2/3 of 


the radius of the front of the shock wave 


Lert = 5 Re- (12.7) 


This conclusion is valid only for an idealized distribution 
of densities as shown in Figure 38. If the distribution of the 
density in the shock wave is as shown in Figure 33, we have 


2 
Lore < 5 Ree 


Thus, in the case when the detector is located outside the front of 
the shock wave (Figure 36), and consequently the same amount of air 
is contained between the detector and the Y-ray source as at the 
instant of explosion, the absorption of Y rays is still reduced as 
if the sources were surrounded by a cavity of radius Lerr- In the 


case under consideration (Figure 35 and 36) we have in mind the 
cavity formed by a strong shock wave at the instant of its passage. 

After the shock wave has terminated and atmospheric pressure 
has been restored, the center of explosion remains surrounded by a 
cavity formed by the residual heating of the air -- the "fire ball". 

All the foregoing statements concerning the reduction in the 
absorption of Y rays remain obviously true also for that stage of 
evolution of the cavity, whether the detector be located inside or 
Outside the cavity. 

Using the foregoing qualitative considerations concerning the 
effect of redistribution of air density in the shock wave on the 
passage of Y rays, let us estimate the dose of Y radiation P(t, R) 
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using the scheme proposed by Ya. B. Zel'dovich. 
We assume here that: 
1) The source of Y radiation is practically a point source 


and is stationary. 
2) The absorption of the yY rays is determined by the "opti-~ 


cal thickness" 


R 


\ or 2an, 
7 Po 


3) The air density inside the front of the shock wave is 
distributed in accordance with the interpolation formula which 
holds only for a strong shock wave:* 


e(r) = er() » (12.8) 


r -- distance from the front of the shock wave, measured in- 


side the shock wave. 
The exponent n depends on the value of pp and is determined 


by calculating the amount of air in the shock wave. Prior to 
occurrence of the shock wave_the amount of air contained in the 
volume of radius Ry was 47 R? e60/3. Thus 


Re 


4 . 
FF Rp pode | 9 (r) Pedr. (12.8') 
0 


Substituting into the integral the expression (12.8) instead of 
o(r), we find that 


n43 
4 Pf Rf x 8 
"Re" n+3 3 Po Re" 
Hence 
n= 1 7 } (12.9) 


In calculating P(t, R, Epp) it 1s possible to use either the 


exact solution of the problem of propagation of Y radiation of a 
point source in an infinite medium, in the form of the formulas 
(7.12) and the interpolation formulas for Bp(u, R, ©) (see Appendix 


*The dotted line in Figure 33 shows the distribution of the densi~ 
ties according to formula (12.8). 
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II, Table A22), or use the approximate interpolation formulas 
(7.14) and (12.1), which are sufficiently accurate in the region 
where they are valid, but which give an increasing error as the 
interval of distances where there are applicable is increased. In 
either case, the specific nature of the atomic explosion is taken 
into account by introducing into the formula for the dose power on 


R 


the optical thickness, i.e., by replacing the expression UR by \ pan 


O 
in the exponent and in the coefficient By, of (7.12), and by replac- 
R 


ing UereR by \ Hered in the exponents of formulas (7.14) and (12.1). 


@) 
The interpolation formulas (7.14) give rise to larger errors, but 
permit a more graphic presentation of the results, and consequently 
we shall use from now on the equations (7.14) and (12.1) as our 


basis. 
Introducing into (12.1) the "optical thickness" instead of 


MpepR, we obtain 


R 
. Meff | d 
e a p R 
Pit Rb jl Oe ee Po , 
R} (12.10) 


We shall consider the optical thickness for two cases: 
1) the detector is contained inside the shock wave (R< Rr)3 


2) the detectors outside the shock wave (R>Ryp). 
In the first case (R< Rr) 


R K 
‘ ress Bam = More ( —R+R—-— {dR : 
O fo 
0 
=~ HereRtPerr (R = J 44r) = ~Pert® +Perr Lerrs (12.11) 
where 
R 
eee R—\ ae. (12.12) 
0 


Replacing in (12.12) the value of o by expression (12.8) and 
carrying out the integration, we obtain 
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fig.) 


Po 
PF/PO R 
eff 3Pt _— Re 
Po 
Substituting (12.11) in (12.10) we obtain 
Nie ~Merr® Herr Lert 
P(t,R,E eg eee ous at aie e€ 9 r/sec. (12.14) 
In the case of 2 (when R>Rp) we have 
R R R 
. Hor | Pan = -ere\ Lar - rece dk* = 
Po Po 
O O Rr 
Re 
a Hert \ faR - Hore [R - Re] = 
Co 
Rep 
= - Perr® + Mort (= - ( Zen) = 
0 
=-Uorpe R + More Lerrs (12.15) 
where 
Rr 
Lore = Rp - \ far. (12.16) 
Po 
0 


Substituting in (12.16) the expression (12.8) and performing 
the integration we obtain 


oft - 2 

Lorr = Re 7 . (12.17) 
zt. 2 
Po 


+* When R7Rp we have 0/06 = is 
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Substituting (12.15) and (12.10) we obtain a formula identi- 
cal with (12.14). Formula (12.14) covers both placements of the 
detector relative to the shock wave. The difference lies in the 
expressions for Leff, namely (12.12) and (12.16), which differ from 
each other in that (12.12) contains R instead of Rr. 

From a comparison of (12.14) with (12.1) we see that the 
distribution of the air density, produced by the shock wave, in- 
creases the dose power by a factor exp (Ugpre Lerr). The factor by 
which the dose power is increased in the presence of a shock wave, 
relative to the dose power at the same instant of time but in the 
absence of a shock wave, is called the cavity factor of the dose 
power, Ky. In formula (12.14) the magnitude of the cavity factor 


of the dose power is approximated by the expression 


UorrLerr(t, E) 
K. =e ° (12.18) 


Taking into account the statements made above concerning the 
influence of the shock wave, we introduce Ky into the initial 


formula (7.14) 


- Poerrk K 
48 - 10-5 G (t) pe ae p 


l, 
P(R, t, £) =H RES) te ee _ 


= HoreR Herlerr 


__ 1,48 - 10-*° G (t) pe ae | e 
- ae (12.18!) 


In example (12.3), the cavity factor of the dose power is 


Mere “ere Lere/eore 600/225 


=e =e =e = TeOe (12.18") 


The dependence of Lerr on t and E 1s expressed in terms of 
Re and p¢/po, the values of which depend on the explosion energy 


and on the time elapsed after the explosion. In the case a very 
strong shock wave (1.e., when P£/Po >> 1) we obtain for Lorr the 


following limiting expressions: 
In case 1 


Lerr = R (12.19) 


and consequently independent of the time. 
In case 2 we get in accordance with (12.17) 


Loerr = ; Rp (12.20) 
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The character of variation of pp and Rp with time and explo- 
sion energy is as follows. 

It is obvious that for a given explosion the radius of the 
front Re(t) will increase with time, and pp(t)/po will decrease. 


Comparing two explosions with energies E, and Eo we can note that 
when Rr = const (i.e., Rp = Rey = Reo) the quantity pr¢/o> increases 


with increasing explosion energy (Pro> pri). When t = const, Rp 
increases with increasing explosion energy because of the increase 
in the speed of propagation of the shock wave, i.e., Rpor Rez. At 
the same time we have simultaneously pro> pr, (the character of 
variation of of and Rp with the energy follows from the law of 
similarity of shock waves). 

If the values Rr] and pr are known for an explosion of a 
bomb with energy E,, then the same values pr are obtained when a 
bomb of energy En is exploded, but at a different time to and at a 


aifferent distance, namely: 
at an instant of time 


t, = 1, V EE, 


and at a distance 


3 
Reo = Rei y E/E, . 


The value of Rp and consequently also of Lerr depends also on 
the conditions of explosion. In the case of a surface explosion Rr 
is greater than in an aerial explosion with the same energy. This 
takes place because in a surface explosion the part of the explo- 
sion energy that should have gone into the lower half space, i.e., 
half the explosion energy, remains in the upper half space, where 
it produces an energy density which is twice as large compared with 
that of an aerial explosion. Therefore the parameters of the shock 
wave in the case of a surface explosion are of the same as would 
occur in an aerial explosion of twice the energy. In particular, 
in order to compare an aerial explosion with a surface explosion, 
it is necessary to use in the similarity equations twice the energy 
in the case of a surface explosion. 

The changes in Rp and pp determine the dependence of Leff on 
the time and energy explosion. For a given explosion, Lorp in- 
creases with increasing time as a result of the increase in Rr. 
This increase takes place at an attenuated rate. With further in- 
crease in time after the explosion, Lerr decreases because of the 
increase in the air density in the cavity, due to the cooling and 
mixing with surrounding air. As t —>0, we get Lerp — O and 
Ky —> 1. At constant t, the value of Lepr increases with the 
explosion energy as a result of the increase of Rp with increasing 


explosion energy. 
This increase in Lerr causes the dose power at a given 
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instant of time to be nonlinear relative to the explosion energy 
and to increase faster than the energy (i.e., faster than the nun- 
ber of fragments). 

Only at small values of t, when Leff is small and conse-~ 
quently Kyl, is the dose power directly proportional to the number 


of fissions, i.e., to the explosion energy 


4,2-108E Acre 
aes = ’ ° 7.7.4 @ 2, 
Pit=O,R]= 42 WE wee 
7,64 - 108 Ey — Rj 230 
— SI Ee r/sec. (12.21) 


Rs , 


(we substituted values for u(O) from Table 1, and for & and Nott 
from Table 23). 

The dose power of the fragment radiation, as a function of 
time, is determined by the product of two factors 
u(t) exp [Bore Lepr (t)], of which one (the fragment activity) de- 


creases and the other (a cavity factor of dose power) increases 
with increasing time. As a result of the competition between these 
two factors, the quantity P(t) has a maximum. 

Figure 39 shows the P(t) dependence (the solid curve), cal- 
culated by B. V. Novozhilov* for the case of explosions with energy, 
2, 20, 200, and 20,000 kilotons. 

The unit dose power of the fragment radiation during the 
first instant of time after explosion. 

Curve 3 characterizes the decrease in dose power due only to 
the radioactive decay of the fragments, and it yields the values of 
u(t) in Table l. 

The rise of the fragment cloud, which causes an increase in 
the distance from the sources to the detector, and the cooling of 
the incandescent air, decrease Lepr and should lead to a reduction 
in the maximum in the region of large values of time elapsed from 
the instant of explosion, and to a sharper decrease in P(t) than 
shown in Figure 39. The ratio of the ordinates of the curve 2 and 
53 1s equal to the cavity dose power factor K, (12.18). 


As can be seen from Figure 39, K, can reach, in the case of 


strong explosions in the region of the maximum, several orders of 
magnitude. Ky decreases with increasing explosion energy. At the 


maximum, with an explosion energy of 2 kilotons, the value of Kp 
is 2, and it tends to 1 as Enp —» 0. The instant of arrival of the 


maximum of dose power depends on the distance and on the explosion 
energy. At large distances, where the shock wave is strong, the 
maximum occurs earlier than at great distances, namely when the 
strong shock wave has passed beyond the place where the detector 
is located. 


*This calculation was based on formula (7.12) and not (7.14). 
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At large distances the maximum may appear before the passage 
of the shock wave through the point under consideration. With in- 
creasing explosion energy, the maximum dose power will appear later 
(if we disregard short distances). 

All the foregoing pertains to the dose power due to the 
fragment radiation. In addition, there exists a short-duration 
radiation due to capture of neutrons by nitrogen (Section 13). The 
effective values of the Y-radiation intensity and of the dose power 
are obtained by adding up both types of radiation, at which the 
characteristic features in the dose power occur. 


13. INTENSITY OF SHORT-LIVED YY RADIATION. SUMMARY DOSE POWER. 


From the aggregate of the short-lived radiation, we consider 
in the present section only the Y radiation due to the capture of 
neutron in the air, since this makes an appreciable contribution to 
the dose of the explosion }¥ rays (Section 1). The notion that 
short-lived ¥ radiation should appear during an atomic explosion, 
in accordance with the reaction Nl4(n, y)nl5, was first stated by 
P. A. Yampol'skii. The intensity of this radiation increases with 
time exponentially, since the number of events of capture per unit 
time is proportional to the concentration of the slow neutrons, and 
the concentration of neutrons decreases exponentially with a period 
which is called the lifetime of the neutrons 7. At O0°C and a 
pressure of 760 mm Hg 


l l 
OO a ae ee 
NU oo 4,32 - 1019 . 1,7 - 10-24 . 2,2 - 103 
—62- 10-° sec. (13.1) 


Here n ls the concentration of the nitrogen nuclei; o& = 1.7 x 10724 
1s the summary cross section of the reactions nl4(n, p)cl4 and. 


N14(n, y )N15 with thermal neutrons, v = 2.2 cm/sec - rate of motion 
of thermal neutrons. The lifetime of the neutrons is inversely 
proportional to the air density. 

Since the capture of the neutrons takes place during the 
time of passage of a strong shock wave, part of the neutrons is 
captured in the front of the wave, i.e., under conditions of in- 
creased air density and consequently, with shorter lifetime, giving 
rise to capture y radiation with shorter period. The effective 
period of radiation is determined by the distribution of the neu- 
trons in the cavity, in the front of the shock wave, and in un- 
perturbed air, and the lifetime of the neutron in these places, 

Let us consider y radiation with a period 62 x 107-5 sec. 

Since each neutron reacting with the nitrogen causes the 
emission of 0.64 Mev in y radiation, the activity of the source 
of the short-J.ived radiation is 


G, (ft) = qe — I" 064, Mev/sec, (13.2) 
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where Q is the number of neutrons emitted to the air, i.e., not 
absorbed in the case of the bomb; q is the fraction of the neutrons 
captured in the air. 

In the case of surface and low aerial explosion, some of the 
neutrons are captured by the earth,* so that the number of neutrons 
captured in the air amounts to a fraction of the total number of 
neutrons. In the case of an aerial explosion gq = 1, and in the case 
of a surface explosion q = 0.5. Q is practically equal to the 
number of neutrons formed by fission, since we may assume that the 
neutrons are not absorbed in the shell because the lifetime of the 
shell (~107> sec) is less than the lifetime of the neutron in the 


shell (~1074 sec) and the shell scatters without having time to 
capture the neutrons. However, the neutrons have time to slow down 
considerably in the shell and therefore their diffusion path in the 
air is short (the mean free path of the neutron in the air is 
strongly decreased with decreasing neutron energy). Thus, the 
greater part of the neutrons of the explosion are located near the 
center of the explosion, forming the so-called "neutron cloud", 
Consequently, the greater part of the capture Y radiation 
is emitted in the region of the "neutron cloud" forming, a three- 
dimensional source of Y rays. At distances that are great compared 
with the dimensions of this source, it can be considered as a point 
source. 
Thus, the dose power from the capture radiation can be 
ne eT with the aid of formula (12.18') in which we replace G(t) 
by (13.2): 


—t 
1,48 - 10-39 < pO ees Ue 2 e 


capt ~ 4r R2 


_ R/Asre L/Aerr 
e 


P : (13.3) 


The number of Q neutrons released in an atomic explosion is deter- 
mined by the explosion energy and by the type of the reaction. In 
fission bombs, two neutrons are emitted for each fission event (in 
the case of plutonium fission), or 1.5 neutrons in the case of 
U“55 fission. In the case of a thermonuclear reaction, more neu- 
trons are produced for the same reaction energy than in the case 
of fission. For example, in the reaction 


,H? + ,H? — ,He‘ +n+ 17,6 Mev, 


there are produced 10 neutrons for 180 Mev, while in uranium 
fission 1.5 neutrons are produced. 
We shall carry out the estimate of P(R, t) for a plutoniun 


*In addition to the Y radiation from the region nearest to the 
center of explosion, there occurs Y radiation due to capture of 
neutrons used at large distances. An estimate shows that the rad- 
jation from the "neutron cloud" predominates at all distances. 
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pomb (Q = 2 x 1.45 x 10°3Epp = 2.9 x 10°3Epp) in the case of an 


aerial explosion (q = 1). 
The quantities H,, &, and Agrp depend on the average quantum 


energy, which we assume to be equal to 6 Mev, although one must not 
exclude the possibility that it 1s less since the soft part of the 
spectrum was not investigated. Then #, = 1.9 x 1075 em“l, &@ = 1.2 


(for the distance interval from 400 to 1000 meters, Figure 15), 
Aepr = 410 meters. 


Substituting the values of the coefficients in (13.3), we 
get 


-FR/Aerr  Lert/Aerr — -t/0.062 
8,1-109 E+.r. é e e 


Poser t)= , vr/sec (13.4) 


Re 


(R is in meters and t in seconds). 

The dose power diminishes exponentially with a period of 0.06 
seconds. The main part of the capture radiation is emitted within 
O.1 second. During this time Lerr does not have time to assume 
considerable dimensions and therefore exp (Lerr/Aerr) ~1. 

The shock wave exerts a much lesser influence on the intensity 
of the captured radiation than on the intensity of the fragment 
radiation. Therefore the intensity of the captured radiation, un- 
like the fragment radiation, is proportional to the explosion 
energy. 

The dose power of the capture radiation, after a lapse of 
0.05 second from the instant of explosion (Lerrp¥0), amounts to 


: R/Acre 


= 3,6 - 109 Ex.z. 
P [€=0,05;R] = oa ae r/sec. (13.5) 


A. I. Khovanovich has shown, that if one takes into account 
the action of the cavity, then it 1s necessary to replace Eqop in 


formula (13.5) by Bppt?9, Table 26 lists the values of the dose 


power of the short-lived radiation during the instant of time 0.05 
at a distance of 1300 meters from the center of the explosion. 

The quantitative estimates (13.4), (13.5), and Table 26 
pertain to a plutonium bomb. In the case of thermonuclear bombs, 
the number of neutrons per unit energy increases and the intensity 
Of the short-lived radiation increases. 
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Table 26 


Dose power of short-lived radiation 0.05 second after 
the explosion at the distance of 1300 meters 


Plutonium 
bomb energy ; 20 200 2000 20 000 


kilotons 


Dose power, 


r/se2 4,8. 103 5,4 - 1064 6 - 105 6,8 - 106 


The energy radiated during the capture of neutrons, l -- 
1.28 Mev/fission (Section 3), is almost equal to the 1.8 Mev energy 
(Table 3) radiated by the fragments during the time that they are 
active in the explosion (1i.e., after ~1l0 seconds). But since the 
time of radiation of the captured radiation is much shorter than 
that of the fragment radiation, the activity of the source of the 
capture radiation is much greater than the activity of the frag- 
ments. 

At the initial instant of time after the explosion, the 
activity of the capture radiation of the plutonium bomb is 


1.28 Mev/fission _ 20.6 Mev ‘ 
0.062 sec = eVeS ‘sec-fission *» **°* 


25 times greater than the activity of the fragments (0.82 Mev/sec- 
fission). 

Let us compare the dose power of the capture and the frag~ 
ment radiation at the initial instant of time, 1.e., (13.4) and 
(12.21). We assume that R is equal to 1000 meters, and then 


ee ae 1 
Po 7,64 « 198 @— 1000/230 


The dose power of the capture radiation at the initial time 
is more than one order of magnitude greater than the dose power of 
the fragment radiation. With time the dose power of the fragment 
radiation increases, owing to the cavity action, and the short- 
lived radiation diminishes rapidly and monotonically. After 
several tenths of a second, the capture radiation can be neglect 
compared with fragment radiation. 

Figure 39 shows graphically the dependence of the dose power 
of both types of radiation and of the summary dose power on the 
time elapsed from the instant of explosion. 

The curve showing the dependence of the dose power has a 
characteristic shape. Having both a minimum and a maximun, the 
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behavior of this curve is determined by the competition between the 
action of the cavity and the reduction in the source activity with 
time. The character of the curve of Figure 39 varies with the 
explosion energy and with the distance from the center of explosion. 
The extrema of the curve are due to the action of the cavity on the 
fragment radiation, and therefore the smaller the explosion energy, 
i.e., the smaller the cavity, the less noticeable they are. 

The capture radiation is harder than the fragment radiation, 
and therefore with increasing distance a filtration of the radiation 
in hardness takes place: the softer fragment radiation is absorbed 
earlier and the dose power is determined all the more by the capture 
radiation. 

The relative placement of the extrema varies with the dis- 
tance, with the size of the cavity (1.e., with the explosion 
energy), etc. The competition between the influence of u(t) and 
L(t, E, R) may distort the shape of the maximum on the curve of 
Figure 39. The extrema may turn into a point of inflection of the 
curve. At a great distance, the fragment radiation is absorbed and 
Only the left branch of the curve of Figure 39, corresponding to 
the pure capture radiation, appears in practice. 


14. DOSE OF GAMMA RADIATION. HARD COMPONENT. 


Gamma radiation from an explosion consists of quanta of 
different energies. The greater part of the radiation energy 1s 
contained in two spectral intervals, the "centers of gravity’ of 
which (Sections 2 and 3) are 2 Mev for the fragment radiation and 6 
Mev for the capture short-lived radiation. We shall speak accord- 
ingly of the soft and hard components of the Y radiation of the 
atomic explosion. This distinction corresponds essentially to the 
different origin of the radiation, although the fragment radiation 
may contain a small fraction of quanta with energy greater than 2.2 
Mev, and the capture radiation may contain softer radiation. We 
Shall henceforth identify the hard components with the radiation 
due the capture of neutrons by the air. 

The passage of the Y radiation through the air gives rise to 
@ gradual preferred absorption of the softer components, so that at 
large distances only the hard component is received. The dose of 
the hard component can be determined by integrating expressions 
(13.3) or (13.4) with respect to the time 


Da{R, E] = | PIs Re dt = 
0 


R/Aore 
8,1: 10 Eee eff { e — 19,062 44, (14.1) 
2 
eS 0 
6 — R/410 
Dn = J - ats / r. (14.2) 


of 


Here and henceforth the dose due to the Y rays of the atomic explo- 
sion is approximated by the expression 


-R/A 
Dae oars re (14.3) 


In the case of the hard component 
A, = 5 10° & - me (14.4) 
h=- ° TT» Bi Moe e 


The dose of the hard component is proportional to the number 
of neutrons formed in the explosion, and not to the number of 
fission events. Therefore when the number of neutrons per unit of 
released energy changes (for example, in the case of a thermonuclear 
bomb), the numerical coefficient of Epp in expression (14.2) and 
(14.3) also changes. In the case of explosion of bombs with equal 
number of neutrons per unit energy, D, is proportional to the 
energy. In strong explosions, the effect of the cavity may mani- 
fest itself in the dose of the hard component. It is always con- 
siderably less than the effect of the cavity on the dose of the 
fragment component, firstly because the hard component is radlated 
within a shorter time, when the cavity is small, and secondly be- 
cause the harder the radiation, the greater the value of Agrr and 


the smaller the influence of the cavity (13.3). 
15. DOSE OF YY RADIATION. FRAGMENT COMPONENT. SUMMARY DOSE. 


The dose of the fragment component can be estimated by 
integrating (12.14) with respect to time up to the instant of time 
tefr, when radioactive decay of the fragments and the rising of the 
fragment cloud cause the intensity of the Y radiation to decrease 
to a value that can be neglected: 


RIA tertrf 
= ff Lier(t,E 
D(R,E)=5,12 - 108 Ey5,0e : ( u(t) e a ada dt, Yr. 
Aare 
0 


(15.1) 


The integral contained in (15.1) can be represented in the form 


t 
eff 
(t hy, 
u(t) e setts aa 
Nort 
@) 
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teff 


=e vert) u(t)dt =e Lerr(E) W. (15.2) 
eff Aeff 


O 
Let us assume that torr = 10 seconds (Figure 34). Then 
10 
w=| uw (t) dt =1,8 Mev/fission. (15.3) 
() 


We substitute in (15.1) the expressions (15.3), (15.2), @ = 1.8 and 
Nopp = 255 meters (Table 21). 


Lore (E) 
255 
° R/A ore @ 2 

D (R, E)=1,66 - 109 E,7. e <5 es (15.4) 

R 

In accordance with the notation (14.3) 

Lerr(E) 

A = 1,66 - 10° Ey. € ae si -* mn. (1555) 


The problem has reduced to a calculation Lerr(E) -- the 


average value of the radius of the cavity during the entire time of 
the emission of the quanta. It can be simplified by assuming that 
the cavity has been formed and that it has assumed its final 
dimensions rapidly compared with the time of emission of the greater 
part of radiation, i.e., that the greater part of the ¥ radiation 

is emitted at a constant value of Leff close to the final dimension 
of the cavity. Let us calculate (15.1) on this assumption, 

assuming furthermore than Lerr(Z) is close to the final radius of 
the fire ball: 


Lope (E) Lep- (15.6) 


In this approximation the solution is the more accurate, the 
greater the time of formation of the final dimensions of the cavity 
compared with the time of emission of the y rays, i.e., the more 
accurate, the greater the explosion energy. 


The approximation L = Lep is certainly incorrect for explo- 


sions with high energy, when the fire ball assumes its final 
dimensions relatively slowly, so that the greater part of the 
radiation is emitted prior to the time when the fire ball is 
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assumed its final dimensions, i.e., 


Lerr(E) < Lep- (15.7) 


The value of Lrp, and consequently Lerr, can be estimated 


from the energy contained in the fire ball. From the theory of a 
strong point explosion, given by L. I. Sedov [17], it follows that 
the energy of the incandescent air amounts to~0.5 of the explosion 


energy. Then 


3 


(15.8) 


ml SO 
| 


$71 pp2 = 0.5 E; Ley = 
3 ra 


Here a is the energy per unit volume of fire ball. Since the 
energy of 1 gram of air is* 


a = 0.35(T - T,), col/g, (15.9) 


then, neglecting T, compared with T, we obtain 


pT, Py 


a-—p-0,35 T= e O55 T= 


oO 


= 0.123 Py, col/cm (15.10) 


(P;, Ty -- pressure and temperature of the air prior to the explo- 


sion; 
Pos Pos To -- respectively the normal density, pressure, and 


temperature of the air). 
Substituting (15.10) and (15.8) and further in (15.4) and 


(15.5), we obtain 


3 
Lep = 100 ant (15.11) 
Pi 


*In this estimate we disregard the increase in specific heat with 
temperature and dissociation. 


100 


(P, 1s in atmospheres), 


D=1,66 - 10°- Ey, e Re r (15.12) 


0,4 / Ey.7, 
Py 2 


A = 1,66 A 10°F ;,.-. é , r°* me (15.13) 


The expression (15.12) can be compared with the doses that pre-~ 
vailed in Hiroshima, i.e., with doses of the explosion of the so- 
called nominal bomb, Epp = 20 kilotons. 

The doses in Hiroshima at different distances of the epi- 
center are given in the article by Lewis [23]. The distances to 
the center of explosion were calculated under the assumption that 
the explosion took place at an altitude of 2000 feet. 


Table 27 


Radiation doses at different distances from the 
epicenter (according to the data of the Hiroshima 
explosion) 


Distance Distance Dose 


from from Dose, r saree 


epicentey center, 
meters meters (15.12), r 


750 950 2500 2600 
1000 1170 800 720 
1500 1620 90 64 


If it is considered that (15.12) is an estimate no more 
accurate than 100 percent, then the agreement between (15.12) and 
the doses in Hiroshima can be regarded as good. 

The dose of the fragment radiation increases not in propor-= 
tion to the number of fragments, l1.e., to the explosion energy, but 
faster than the explosion energy. This circumstance is explained 
(Section 12) by the reduction in the absorption of ¥ radiation in 
the cavity formed by the shock wave. The specific nature of the 
atomic explosion lies in the fact that the source of Y rays 
(explosion) changes the absorbing ability of the medium during the 
time of radiation. 

The factor that shows by how many times the dose has been 
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increased by the shock wave is called the cavity dose factor Kp. 


The coefficient A in formula (14.3) is thus made up of two 
factors: the factor proportional to the number of fragments and 
the cavity dose factor 


L E 
Kp =e Lerr(E) (15.4) 
Aere 
In Table 28 are listed the values of the cavity dose factors 
for explosions, calculated from formula (15.19). 


Table 28 


Cavity dose factor for explosions of 
different energies 


Explosion 
energy Err, 2 20 200 2000 20 000 


kilotons 


EE 


Cavity dose 


factor Kp 1,3 2,5 6,8 29 112 


In the particular case of formula (15.13), the cavity dose factor 
is 


3, 
0,4 Ex, /P 
Kp =e V nate / 4 


Expression (15.12) pertains to points located outside the fire ball, 


1.e., Outside the cavity. 
Inside the cavity there is no absorption of Y rays (Section 
12) and the dose changes as the inverse square of the distance 


D = 1/R?. 


Figure 40 shows the dependence of the dose on the distance 
on a semi-logarithmic scale. The ordinate axis represents the 
logarithm of the product of the dose by the square of the distance 
(In DR“): the abscissa represents the distances from the point of 


explosion. 
The values of the coefficient A and Agrpr in formulas of the 


type (14.3), which are used in the calculation of doses can be ob-~ 
tained from Figure 40 
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eee 2 (15.15) 
InA=In(DR Ve. 0” 
= dR 


hip ee, 
f d (in D R*) (15.16) 


The doses given by formula (14.3) and plotted in Figure 40 
in form of straight lines 2 and 3 can be described approximately by 
a formula having different values A‘ and accordingly A' (dotted)._ 
Let us equate the two descriptions at the middle of the interval R 
of interest to us: 


-R/A! eff -R/A' eff 
e Ae 


Engrs? 20m, . Gee 


Ce eed se pee 3 
=e ee 


R 
then 
In A' =1nA- CE 1- Fett | ; (15.17) 
eff A eff 


The small error in the dose expressed by means of a straight 
line 2' instead of the straight line 2 amounts to 


4D _R-R ,-Agtt_ : (15.18) 
D Rete A ott 


Figure 40 shows three characteristic reasons of the varia-~ 
tion of the dose with the distance: region 1 -- inside the cavity, 


in which the dose varies as ~1/R°; region 2 in which the action of 
fragment radiation predominates; region 3, in which the hard 
component is effective. 

The distances Ry, 2 and Ro, 3 delineate these regions. When 
Ry, a<R<Ro, 3, expression (15.12) and the more accurate expres- 
sions which are given later are correct. When R>Ro, 3 expression 


(14.2) must be used. 

Table ¢9 lists the values of Rj, 2 and Ro, 3 for different 
explosion energies. 

The heaviest damage is produced by the Y rays in regions 1 
and 2. The lethal radius, i.e., that value of R at which the dose 
is equal to 400 r and consequently in which the sickness leads to 
death in 50 percent of the cases, is located in region 2. 

As already indicated, the use of the values of Lr» for the 
average cavity radius L in the calculation gives approximate re- 
sults, which are good only for expiosions of low-energy bombs. 


103 


Figure 40. Dependence of the 
dose of Y radiation of an atomic 
explosion on the distance. 

1, 2 -- regions where the dose 
is produced by the fragment rad- 
jation; 3 -- region of hard 
component. Curves 2 and 3 
correspond to the interpolation 
formulas. 


Table 29 


Demarcation distances of the regions of action of the 
hard and fragment components, and also the region of 
exponential absorption of y rays and "vacuum" region 


Bomb energy e 
eioton ’ | 2 20 | 200 | 2000 20 000 
Rios A 250 400 1180 2000 3500 
Rog 5 M 1050 1400 2400 3500 5250 


In the case of high explosion energy, one cannot expect 
satisfactory accuracy from the results of the calculations based on 
formulas (15.12) and (15.8), since L is known to be less than Lyp- 


In addition with increasing explosion energy, L should increase less 


rapidly than ~(z)1/3, (15.8). At powerful explosions the shock wave 
is strong during the time of emission of the majority of the ft 
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radiation. According to Sedov's theory, the radius of the front 
of the shock wave is the given instant of time ~(B)1/5, and one 


must therefore expect L to increase as ~(E)1/5 with increasing 
energy in the correct theory. 

A detailed examination of the question of the dose leads to 
numerical value which can be described by various interpolation 
formulas. The following interpolation formula 


5 
D=6,6 ° 105.4 e092V Ener — 6,25 - 10-5 Ervs. X 


— Rp/300 
@ 
rs es (15.19) 


is written in the form corresponding to the physical notions re- 
garding the action of the shock wave. 
One can use also another formula:* 


o — Fp/800 
D= 1A - 10 Ens, (40,2 Ena) © (15.20) 
These formulas are valid when Rj, o2<R<Ro, 3 
1 OO 
—_— — Anet = 209 Me (15.21) 


(o is an mg/cm”). 
Formulas (15.19) and (15.20) correspond to the following values of 
A and Kp: 


1 
A=6,6 - 10° £,,, e0s925 Exe. — 6,25. 10-5 Exe 


1/ (15.19') 
& 
KpOAre ee Slates 
——4 e 9 0,65 
A=1,4 + 10° Exe, (1 +0,2 Ey3.0), | eal 
K p= l + 0,2 Ey 798, 


In the case of a surface explosion, the radius of the cavity 


*Formula (15.20) was proposed by I. A. Solodukhin and P. A. 


Yampol'skii. 
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is greater and corresponds to the radius of a cavity produced an 
aerial explosion with twice the energy (Section 12). Therefore the 
dose is greater in a surface explosion than in an aerial explosion 
of a bomb of the same energy. The doubling of the volume of the 
cavity in the case of a surface explosion, compared with an aerial 
explosion, remains valid only for part of the time of the radiation 
of the 'Y rays, since the semi-spherical region of the incandescent 
alr breaks away with time from the earth and becomes spherical. 

It is possible, however, to calculate the dose with suffi- 
clent approximation in the case of a surface explosion by replacing 
Lop by 2Epp in the exponential of (15.19) and in the term 
Epp0*®5 an (15.20), as 1f the cavity were semi-spherical all the 
time. 

Figures 41 and 42 show nomograms* for the calculations of 
the dose from Y rays in region 2 of Figure 40, 1i.e., in the cases 
of greatest practical importance. 

Figures 41 and 42 pertain to aerial and surface explosions, 


respectively. 
The values of the dose are marked on the left side of the 


middle vertical scale, and are read at the places where it inter- 
sects the straight line joining the values of Epp on the right 
vertical scale and R, km on the left vertical scale. 

On the right side of the middle vertical scale 1s marked the 
thickness of the shielding necessary to reduce the determined dose 
to lr. Tne thickness of the shield is given in effective ranges 
of the quanta in the shield material, Agere (Section 17). 

The curve located on the nomogram yields the values of R,, 2 
and Ro, 3, which shows under what distances the nomogram can be 


used. 
Rie<R < Ras. 


The doses given in the nomogram are calculated for the 


standard air density at 25°C, p = 1.17 me/em, and for Nort = 

= 300/p = 255 meters. At any other air density one must introduce 
a correction in the value of the dose obtained by means of the 
nomogram. 

As the air density changes, a change takes place in the 
values of Vere and A in equation (14.3). Aerr changes in inverse 
portion to ths density, so that the change can be taken readily 
into account. ‘The parameters of the shock wave, and consequently 
the cavity factor which is included in A, depend on the density of 
the air in a different manner than A. 


*These nomograms were prepared by V. V. Novozhilov in accordance 
with formula (15.19). 
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Figure 41. Nomogram for the calculation of the 
dose of Y radiation in the case of an aerial atomic 
explosion (the arrow indicates the lethal dose). 
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An exact calculation of the correction of the nomogram for 
the change in density would be too cumbersome. We give here two 
approximations. One is based on the assumption that in formula 
(15.19) and (15.19') the value of A is independent of the density 
of the air. Then, differentiating (14.3) or (15.19) with respect 
to Awith allowance for (15.21), and assuming that OD/D <1, we 
obtain 


Eee ga (15.22) 


The second approximation is obtained by considering that_the cavity 
factor contains also Aerr(p) (15.14), but assuming that Lerr is in- 


dependent of the density. Then 


Eas iF eH aE PEND 


D = 255 p : (15.23) 


Since in fact the radius of the cavity decreases somewhat 
with increasing air density, the ratio Lapr/Agrr, which according 
to (15.14) and (15.15) determines the value of A, changes less with 
p than when Leff is independent of the density. Therefore approxi~ 


mately (15.23) should give values AD/D which are too high, iee., 
(15.22) < = < (15.23). 


Inasmuch as we deal with a small correction AD/D, we can 
confine ourselves in its calculation to the simpler expression 
namely (15.22). 

The damaging action of the YY radiation can be characterized 
by the magnitude of the lethal radius Ry» i.e., the value of R 


after which the dose becomes equal to 400 r, and consequently, 
radiation sickness leads to death in 50 percent of the cases.* 
The lethal radius is in region 2 of Figure 40, i.e., in the region 
of action of the fragment radiation, when the dose is given by 
formulas (15.19), (15.20), and (15.12). 

Table 30 gives the values of the lethal radius of the Y 
radiation for explosions of atomic bombs in different energy. 

In explosions whose energy does not exceed 200 kilotons, R 


can be expressed by an interpolation formula proposed by V. V. 
Z2vonov: 


ss . 7-238 
Ry = 622 Enq » Me 


*In addition to the Yy radiation, the radiation dose is produced 

also by neutrons. In most cases, however, the dose due to the 
neutrons is less than the dose due to the Y radiation, so that 

the biological effects in the region of the explosion are determined 
by the f¥ radiation. 
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Figure 42. Nomogram for the calculation of. the y- 
ray dose in the case of a surface atomic explosion 
(the arrow indicates the lethal dose). 
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Expressions (15.19) and (15.20) for the Y ray doses of the 
fragment component apply to fission bombs. In the case of pure 
hydrogen bombs the relation between the number of quanta and the 
explosion energy is different than in fission bombs, and therefore 
these formulas must be changed. 


Table 30 


Lethal radius of Y radiation has a function of the 
energy of the atomic explosion 


Explosion 


l 
energy, ktloton | 2 | 20 | 200 | 20 20 000 


Lethal radius, 
meters 


720 | 1220 1850 | 2650 | 3480 


In formulas (15.12), (15.19), and (15.20) the expression for 
the explosion energy Epp is contained, firstly, 1n form of a factor 
in the first power in the numerical coefficient, and secondly in 
the form of an exponent in (15.12) and (15.19) or in the bracket in 
formula (15.20). 

The expressions for Epp have different physical meanings. 
The doses are in any case proportional to the number of fragments, 
so that the first power of the factor Epqr represents the number of 
fissions, as can also be seen from the derivation of formula (15.12). 
The quantity Epp contained in the exponent in (15.12) and (15.19) 
and in the bracket of (15.20) characterizes the action of the cavity 
and describes the dimension of the cavity, i.e., the explosion 
energy. The number of fragments (i.e., the amount of Y radiation) 
in the case of fission bombs is determined by the explosion energy, 
just as is the dimension of the cavity. 

In the case of hydrogen bombs the number of fragments is 
determined not by the entire explosion, but only by that part of 
the energy which is connected with the fission reaction, but the 
dimension of the cavity is determined by the entire explosion 
energy. Therefore in the case of a hydrogen explosion the expres- 
sion for the explosion energy should be contained only in that term 
of the formula, which characterizes the action of the cavity, while 
the coefficient Epp in the first power should represent only part 
of the total energy, corresponding to the energy connected with the 
fission reaction. 


16. TIME OF ACCUMULATION OF Y-RADIATION DOSE. RATIO OF THE DOSES 
FROM THE FRAGMENT AND FROM THE HARD COMPONENT. 


The dose of Y radiation is made of the dose due to the cap~ 
ture radiation and the dose due to the fragment radiation. The 
capture radiation terminates within practically 0.3 seconds while 
the frasment radiation lasts several seconds. This ratio indeed 
determines the time of accumulation of the dose. The time of 
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accumulation depends on the distance to the place of explosion and 
on the energy of explosion. At the distances where the dose is 
determined by the capture radiation (1.e., in region 3 of Figure 40; 
R>Ro, 3, Table 29) the main part of the dose is accumulated within 


0.2 seconds. At shorter distances -- in region 2 of Figure 40 -- 
the dose accumulated within several seconds. The greater the 
explosion energy the longer the dose accumulates, since the longer 
is the time of growth of the cavity produced by the shock wave. 
The greater the distance, the more rapidly the dose accumulates 
Since the role of the capture radiation becomes greater here. 

The time of accumulation of the dose can be of practical 
interest. The point is that the magnitude of the dose is critical 
within certain limits as far as the lethal result of radiation 
sicknesses is concerned. For example, in the case of 400 r, death 
is inevitable in 50 percent of the cases, and when the dose is half 
the size, there are practically no deaths. If the dose accumulates 
within several seconds, then the primitive protection measures be= 
come possible (within 1 -=- 2 seconds one can lie down on the bottom 
of a trench, etc.), which even in a case of a comparatively small 
reduction in the dose may lead to a favorable outcome of radiation 
Sickness. 

The plot of Figure 43, based on the calculations of B. V. 
Novozhilov* shows the speed of accumulation of the dose and explo- 
Sions of atomic bombs of large and small energy. 

In Figure 43a (E = 2 kilotons) it is shown that the dose 
accumulates much more rapidly at a large distance (1500 meters) in 
the action region of the hard component than at a short distance 
(500 meters). 

Figures 43b and c show the long duration of accumulation of 
the dose in the case of high-energy explosions. 

Table 31 lists the time necessary for the accumulation of 
50 percent of the dose and that fraction of the dose, which is 
accumulated after 2 seconds (i.e., after the minimum time necessary 
to take shelter against Y radiation) at the distance indicated in 
the second row. These distances are close to R (Table 31). 


*The rise of the fragment cloud and the cooling of the air in the 
cavity have been disregarded, and therefore the time of accumula-~ 
tion of the dose at high energy of explosion is exaggerated. 
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Figure 43. Speed of accumulation of dose of Y rad- 
lation in explosions of atomic bomb with energy 2 
megatons (a); the upper curve is for a distance of 
1500 meters from the center of the explosion, while 
the lower one is for 500 meters; 200 kilotons (b);3 
20,000 kilotons (c). At the end each curve on 
Figures 43b and c is marked the distance from the 
center of explosion. 
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Table 31 


Type of accumulation of dose in explosions of 
atomic bombs with different energies 


2000 : 20 000 
Distance, meterSecescceccessece | U0 1000 1500 2500 4000 
Time of accumulation of 50% 


Explosion energy, kilotons | ) | 0 | 900 


dose, SECONGS « 6 00s 66sec ee 29 20 4 7 8 
Fraction of dose accumulated 
after 2 SeCONdS, beecececcee | 45 45 35 10 2 


Doge due to capture radiation, 
Cdaeeeeeevoevevseeneeeseeeeenvneeeonee & 90 30 °7 7 0,15 


a a | ee ee 


The table is based on the data of Figure 43. 

Figures 40, 43 and Table 31, as well as a comparison of 
formulas (14.2) and (15.19), show that the greater part of the dose 
in region 2 is produced by Y radiation of the fragments. 

The predominance of the fragment Y radiation in the pro- 
duction of the dose, which manifests itself particularly strongly 
in the case of explosion of high-energy bombs, calls for certain 
explanation, since the energy of the Y rays, released upon decay of 
the fragments during the time that they stay in the explosion 
region is by far not the predominate one, compared with the energy 
of other sources of ¥ rays. 

In a case of a strong explosion the y-radiation dose builds 
up within a time close to 10 seconds. Within this time the frag- 
ments release 1.8 Mev/fission. Each fission gives rise to two 
neutrons, which in the case of an aerial explosion are captured by 
nitrogen and yield 2 x 0.65 = 1.3 Mev/fission. 

In the case of a surface explosion, one half of the total 
number of neutrons is captured by the air and one half is captured 
in the earth. Consequently, in the case of a surface explosion 
there is released by capture radiation* 1 x 0.65 +1 x 8 = 8.65 
Mev/fission. 

Thus, in the case of an aerial explosion tne radiation of 
the fragments amounts to 1.8 : (1.8 + 1.3) = 0.58, while in the 
case of a surface explosion it amounts to only 1.8 : (1.8 + 8.6) = 
= 0.17 of the total energy of fy radiation released within a few 
Seconds after the explosion. Nevertneless, the fragment radiation 
predominates in the production of the dose. This is due to the 
action of the cavity, which makes the passage of the Y rays from 
the fragment through the air easier than the passage of the Yy rays 
due to neutron capture. 


*We disregard the fact that part of the neutrons is absorbed by 
the hydrogen in the earth, releasing thereby not 8 but only 2.2 
MeV. 
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The cavity develops within a time which is long compared 
with the time of emission of the capture radiation, and is compar- 
able with the time of emission of the fragment radiation (and the 
greater the bomb energy, the stronger this ratio of the time inter- 
val manifests itself). Therefore the action of the cavity always 
produces more favorable conditions for prolonged radiation than 
the short-lived radiation, and the greater the bomb energy, the 
stronger this predominance of prolonged (fragment) radiation over 
the short-lived one manifests itself, since the cavity radius is 
greater. In addition, the action of the cavity always produces a 
relative preference for the softer fragment radiation compared with 
the harder capture radiation. The action of the fragment radiation 
is strengthened by the cavity. The amplification coefficients are 
listed in Table 28 and amount to geveral orders of magnitude. It 
turns out therefore that fragment radiation contributes more to the 
production of the dose than a nearly equal amount of capture rad-~ 
iation. 

The capture yY radiation which travels from the earth 1s in a 
less favorable situation from the geometrical point of view than 
the radiation from the fragments, since it is attenuated by the 
absorption in the surface layer of the earth, because the capture 
of neutrons in the earth takes place in a surface layer 30 centi~ 
meters thick. 

If we speak of points located on the surface of the earth 
and high up in the air, then the capture radiation from the earth 
cannot act directly on these points, and only scattered radiation 
should be effective. 

In the case of explosion of a low-energy bomb, the effect of 
the cavity is less pronounced because of its small dimensions, and 
therefore the capture Y radiation assumes an important role in the 
dose. 

The share of the fragment radiation in the overall dose is 
determined not only by the energy of the bomb but also by the 
distance of the center of explosion. The capture y radiation is 
harder than the fragment radiation, and because when a bomb of 
given energy is exploded the fraction of the capture radiation in- 
creases with increasing distance from the center of explosion, and 
at sufficiently large distances the dose of Y rays is determined 
only by the capture radiation (region 3, Figure 40). 


17. REMARKS ON THE CALCULATION OF THE DOSE OF Yy RADIATION IN 
SHELTERS. 


The large magnitude of the Y-radiation doses in open spaces 
makes it necessary to require a sufficient attenuation of the ¥Y 
radiation by means of shelters that shield against the shock wave 
and the heat. The doses in shelters must be calculated to account 
for the construction of the buildings, and therefore such a 
calculation is an engineering problem. 

In the present work, which is devoted to the physical aspect 
of the action of the radiation, there is no need for entering into 
the numerous details of problems of this kind. We shall confine 
ourselves only to a few remarks concerning the approach to the 
calculation of dose in shelters under the specific conditions of an 
atomic explosion. 
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Scattered radiation. In the case of an atomic explosion the 
dose is produced not only (and not so much) by the direct radiation, 
but also by the scattered radiation, as follows from the theory of 
multiple scattering of Y¥ quanta (Chapter II). Good protection only 
on the explosion side, i.e., from the direct ray, protects a little 
from Y radiation. The shelter may also have a weak spot, 1.@e, a 
thin portion in the shielding layer or an opening (entrance, 
ventilation, opening of trench). Even if this opening is so con- 
structed that the direct ray cannot pass through inside the build- 
ing, it may be a principal and dangerous source of radiation inside 
the shelter, since scattered radiation may enter through it. 

To estimate the dose produced by the scattered radiation, 
use can be made of formula (7.20). The value of &(@) entering into 
(7.20) can be obtained from Eq. (7.24). However, the scarcity of 
information on the value of § (0), the possibility of using formula 
(7.24) in a greater interval of R/A than the interval for which it 
was derived, the spreading of the angles @ as be the y-radiation 
source is not a point, etc., makes it necessary to have a certain 
"safety factor" in the expression for &(@). This can be obtained 
by increasing the results obtained by formula (7.24) by a factor of 
several times. 

In the region of action of the hard component, the angular 
distribution of the scattered radiation should be more anisotropic 
than given by (7.24). Consequently the application of (7.24) to 
this region gives excessive values of D(@), i.e., the danger due to 
the scattering radiation will in any case not be underestimated. 

The dose due to the radiation entering into the shelter 
through a "weak spot" and scattered from the walls can be estimated 
with the aid of the values of the albedo, given in Section ll. 

Absorption in shielding layers. In practice it may be 
necessary to use a variety of placements of shielding layers rela-~ 
tive to the center of explosion and exact calculations of such 
layers may be very difficult because of the complicated spectral 
composition and angular distributions of the Y radiation incident 
on the shield. If exact calculation is not always possible, it is 
always possible to make a limiting calculation, in which the 
Shielding layers und the doses behind the shield will not be under- 
estimated. Such a limiting calculation is obtained from the 
condition that the shielding layer is located perpendicular to the 
direct ray and tnat tne dose is produced by a parallel flux of 
quanta, the energy of which is equal to the average energy of the 
quanta radiation (i.e., 2 Mev) or the capture radiation (6 Mev), 
depending on whether the shield is region 2 or in region 3 (Figure 
40). Such a case was analyzed in Section 10. 

The dose behind the shield can be expressed by means of an 
interpolation formula of the type (7.13) or (10.1) 


-~ x/A 
D-zD,k,-=Dae | °F. (17.2) 


The values of the coefficients of ® and Agrr can be obtained 


from Figure 26. The values of Agpp for concrete, earth, brick, and 
wood can be obtained from the density ratios. 
The values of the coefficients & and Aprr of formula (17.1) 
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for concrete and steel in the case of fragment radiation, are as 
follows: 


Concrete Steel 
OL 1.5 1.5 
Nope cm 13.5 4.0 
The thickness of the shielding in units of Neer (1.e., 


x/Ager) is given in the nomographs of Figures 36 and 37, on the 


right side of the middle vertical scale. 
In the region of action of the hard component, A sre for 


concrete is 22 centimeters. 
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APPENDIX I 
INFORMATION ON '¥Y RADIATION OF FISSION FRAGMENTS* 


(compiled by M. Ya. Gen, M. S. Ziskin, and E. I. Intezarova) 


*This appendix was based on the following works: a) Hunter and 
Ballow, Nucleonics, 9, No. 5, 1955, b) Corvell and Sugarman, 
Radiochemical Studies: the Fission Products. Book 2, c) Seabore. 
Rev. Mod. Phys., 25. No. 2, 469, 1953, da) Nesmeyanov A. N., 
Lapitskii A. V., and Rudenko N. P., Poluchenie radioktivnykh 
izotopov (Production of Radioactive Isotopes), Goskhimizdat, 1954. 
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Table Al 


y Radiation of Fragments 1 Hour after Fission 


u(l hr) = 4.18 x 1071 Mey/sec x 104 fissions* 
Contribution of radiation of individual isotopes to u(1 hr), 4% 
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#u(t) -- summary intensity of radiation of energy 
from all the fission products at the instant 
after fission. 

*##In the case of a branched decay scheme, the 
weighted average is given for the maximum value 
of the P-particle energy. 
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Table Al (continued) 
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Table Al (continued) 
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Table A2 
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u(3 hrs) 
Contribution of radiation of individual isotopes in u(3 hrs), 


YY Radiation of Fragments 3 Hours after Fission 
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Table A2 (continued) 
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Table A2 (continued ) 
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Y Radiation of Fragments 3 Days after Fission 
u(3 days) = 3.21 x 1075 Mev/sec x 10*% fissions 
Contribution of radiation of individual isotopes to u(3 days), % 
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Table A6 


Y Radiation of Fragments 10 Days after Fission 
u(10 days) = 9.5 x 1074 


Mev/sec x 104 fissions 


Contribution of radiation of individual isotopes to u(10 days), % 
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Table A7 


Y Radiation of Fragments 30 Days after Fission 
u(30 days) = 2.97 x 107-4 Mev/sec x 10% fissions 
Contribution of radiation of individual isotopes to u(30 days), % 
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fy Radiation of Fragments 200 Days after Fission 
u(200 days) = 2.33 x 1075 Mev/sec x 104 fissions 


Zr oF 
fy 
© © 
a2 
wise 
oe Oe = 
a4 © 
284 oO 
Prat rt fy 
© 8SOd © 
a wh Oo» A 
® an Oo & 
A, et ~wO2O 
° a a 
~ ay +H 0 
ro] ra ° b> 
© os a8 © 
i Hs 6 Rx oP 
oO of 
di OU 
Yo & 
© 0 OO 
Bw» oO 
me) 
fr, 0 
Cn 
Paes, : 2 
Rone lyear i,! 
| 
{ 
iRhte| 39 Bec} 1,] 
_ 
| | 
i 
Cet) 30days 1,9 
| ) 
Pints 2, 6y6ars2,2 
| 
Rive") 57 min | 355 
Rui3} 42 days 3,6 
S19 a3) 2 7,9 
Y9! OL. <% 10,4 
Ce'#4} 275 5 ft 13 


89.6 Rip8 Re 
va X 
3 Sl a aw a 
a 1S | $2 
ties +» ei 
m~—-] & i «nf 8) On 
b x p10 m 
a al a > aalo 
ociv oa! wvsdoojda o 
® Ol g¢siloo o]on et 
Oeai @ S%& Olea © a) 
ars «| 3g oO Hh a @ 
eH alow! saus[auagd «4 
0 x OTe, Ot OS H 
alas ec Id 0 
$4 @lech nis +t 
© ~<t H Oh Od © 
NLolowlepal asa 
ga 8108 AlHv ao 
by %& SIO $4 
AHiwHldo FH] we o 
®@ fi. rt > O e 
Oo I ® 0 OD jj.» 
~ S eg=f Otret by oe) 
30d) | aw ©® 
as coe 
2m © Yat Pb 
rom) so © 
< a - = 
radiation | 
0,79 [0.516 | 20,5 | 0,83 
K.619 | 04 O05] 
| aes | 0,3 | 002 
1,045 1,7 | O,14 
ees 4 () G+ 
1,o4 0,2 0,02 
1,37 10,145 | G7 1,30 
1,59 nove — — 
radiation 
2,52 10,04 100 1,01 
2,6 {0,498 96 12,4 
0,002 junknown - 
radiation 
7,9 {1,2 0,1 0,10 
0,2 0,1 0,02 
9,4 (0,134 30 3,78 


| 
| 
| 
| 
| 
| 


of radiation 
liven isotope 
fissions 


gy by the 
sec per 


ev/ 


Overall intensit 
M 


of ener 


1,56 


1,01 
12,4 


e 
4 


(x 10 
Maximum energy of 


Contribution of radiation of individual isotopes to u(200 days), % 


od 


5,7 


particles, Mev 


Table A8 (continued) 


AeR Sse ToT aed 
cl go ABxzeue unutxey 


suoTSss (207 ae 
edoqost uenTs’ oun ka rr ae 36 
UoTyypped Jo AYTSEueqUT [lTeresao 
LOT X SUOCTESTI OT aed des /aoy 
‘anquenbd A, 

SUT puodseIIOD 844 jo fsB108ue 
6uy JO UOTIwTpsa Jo AqYTsuequry 
sfsoep jo azequmu jo 
queozed Aq A£Saeue 


UYTA ByuUenb A, JO PTSETA 


ASK ‘squeuzeay 
wWory wequenb A, Jo AZazeUuy 


K 9 OT X) suoTESsTyZ OT Jed puooes 
ded sfeoep jo szequnu eyntosay 


queored ‘squeuseay 

©U4 Tle jo sAvoep fo 
azequnu [8309 e429 UT Sedo y,ost 
ey jo sksoep Jo uot@werg 


SJTC JTBH 


sedo ,osT 


or) 
—N 

- ws 
— Cc 
t~ — 

= 
Soom) 

a - » ame 
<< rahi 
t~ _ 
NTs 

ro) 
op) <S 
ae —_ 
— va um 
on Se) =T 
mN ™ 
aos 
—+ 
[aD CO 
omy Ciel 
bal 
= | om 
— N 
a. 
by 
@ a 
Ke) 
cs 1 
po 
N O 


Contribution of radiation of individual isotopes to u(l year), % 
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YY Radiation of Fragments 1 Year after Fission 
u(l year) = 4.57 x 107© Mev/sec x 104 fissions 
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Table Al1O 


Y Radiation of Fragments 3 Years after Fission 
u(3 years) = 3.82 x 107f Mev/sec x 104 fissions 
Contribution of radiation of individual isotopes to u(3 years), % 


Cs!8? Bats? — | = ,  , 67,6 Rul Rh!0s 8,7 
Cel44, Prl44 » 2.3287 
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1,54 0,2 0,05 
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| radiation | | 
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Table All 


Y Radiation of Fission Fragments 4 Years after Fission 


u(4 years) = 3.11 x 1077 Mev/sec 104 fission 
Contribution of radiation of individual isotopes to u(4 years), % 
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Table Al2 


2.21 x 1077 Mev/sec x 10 


YY Radiation of Fragments 10 Years after Fission 


u(10 years) 


Contribution of radiation of individual isotopes to u 
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7 


1.80 x 1077 Mev/sec x 104 fissions 


Y Radiation of Fragments 20 Years after Fission 


u(20 years) 
Contribution of radiation of individual isotopes to u 
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Table Al14 


60 x 1078 Mev/sec x 104 fissions 


— Se 


u(100 years) 
Contribution of radiation of individual isotopes to u 


Y Radiation of Fragments 100 Years after Fission 


(100 years), % 
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APPENDIX II 


ADDITIONAL INFORMATION ON THE PASSAGE OF RAYS 
THROUGH MATTER 
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Table Al5* 


Cross section of photoeffect Opp, and of Compton 
scattering g%& in units of 10724 em/atom at 
different values of Y quantum energy € 


Mev 


| 


(0,102 ‘3,430 |o,0540 [6,370 >.99 | 12,74 | 20,5 — |4o,18 | 1782 
ly,127 [3,245 10,0262 16,626 \0,492 12,05 | 10,8 |38,01 | 985 
0,170 {2,991 |0,0104 — {5,555 {0,196 1,11 | 4,43 135,04} 465 
0,255 {2,621 |0,00313 14,868 10,0554 | 9,735 | 1,27  |30,70| 161 
0,340 12,358 |0,00111 {4,380 Jo,0214 =| 8,760 | 0,546 |27,63 | 75,7 
0,408 {2,198 |0,000651 |4,082 |0,0128 8,163 | 0,325 \25,74| 47,8 
0,510 :2,005 |0,000350 13,725 i ,00691 | 7,451 | 0,190 |23,80| 97,7 
‘0,681 [1,770 |0,000165 [3,287 p ,00324 | 6,574 | 0,0844 |20,73 | 14,5 
1,022 |1,463 |0,0000661 |2,717 1000129 | 5,434 | 0,0342 117,14] 6,31 
1,362 |1,264 [0,0000394 |2,347 [0,000774 | 4,695 | 0,0206 {14,81 | 3.86 
1,533 11,187] — |2,205); — 4,410 | 0,0170 [13,91 | — 
2,043 {1,012 |0,0000209 {1,880 |0,000415 | 3,759 | 0,011 [11,86 |} 2,08 
5,108 |0,571810,00000¢4 /1,002 0,000127 | 2,124 = 6.98 0,675 
| 
| | | 
: | | 
! i | | | | 
| | | 
; : | ' : 
| : | | | | 
Po . 4 | | 
3 | | , | | | | 
| ! | | 
| ! | ! | 
Pp | 
' | ‘ 
ee ee 
| ; ! 


mm me es ee ms i ee 6 a 


*Compiled on the basis of reference [7]. 
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Table Al6* 


Cross section of Compton scattering Oc of the transfer 
of energy to a quantum o6,, and to an electron oOo, in units of 
10725 em@/electron at different values of y-quantum 
energy in units me“ = 511 kev 


a=emc? | oo | o + o, 
0,025 6,31 6,31 0,00 
0,05 6,07 5,79 0,28 
0,1 9,099 0,138 0,461 
(),2 4,9u0 4,217 0,683 
0,4 4,032 3,152 0,880 
0,8 3,140 2,158 0,982 
3,0 1,696 0,852 0,844 
4,0 1,446 (),674 0,772 
6,0 1,136 0,477 0,659 
8,0 0,946 0,370 0,576 
10,0 0,817 0,302 0,515 


| 
1,0 2, 866 1,879 0,987 
2,0 2,090 1,164 0,926 


yl 


| *Compiled on the basis of reference (25). | 
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Table A17* 


Coefficients of absorption t and ranges of Y quantum in air 
(density p = 0.00129 g/cm?) at different values of energy € 


me at en“/g on®/g| p,ca—? Me, CM? A,M | de, 
0,153 0,0227 |0,197- 1073 |0,0293.10-3| 50,8 | 341 
0,15} 0,133 0,0240 ,0,172- 107° |0,0310.10-7] 58,2 | 323 
0,2} 0,123 0,0262 0,159. 107? |0,0338.10-°} 62,9 | 296 
0,3} 0,107 0,0282 |0,138- 10-9 10,0364.107-°| 72,5 | 275 
0,4} 0,096 0,0292 0,124. 107 10,0376.10-7 | 80,6 | 266 
0,5} 0,087 0,0295 0,112. 10-9 |0,0380. 30-7 | 89,3 
0,6| 0,081 0,0293 |0,104- 10-% 10,0378.10-3 | 96,2 
0,8{ 0,071 0,0285 10,0915. 10~° |0,0368 . 10-3 | 109 
1,0} 0,0635 0,0275  {0,0818- 10-3 |0,0354. 1073 | 122 
15] 0,0515 0,0247 10,0664. 10-9 [0,0319. 1073 | 151 
2,0} 0,0435 0,0230  |0,0561- 10~? 10,0296 . 10° | 178 
3,0] 0,0350 0,0205  0,0452- 1077 |0,0264. 10-9 | 221 
4,0] 0,0305 0,0193  {0,0393. 108 |0,0249 . 10-3 | 254 402 
5,0. 0,0270 0,0180 10,0348. 107° |0,0232 . 10-3 | 287 | 432 
6,0} 0,0245 0,0170 10,0316. 10-* 10,0219 , 1073 | 316 457 
8,0} 0,0220 0,0157 {0,0284- 10—? |0,0203 . 10-3 | 352 492 
10,0} 0,0200 0,0150 |0,0258- 10° |0,0193.. 10—° | 388 518 


*Compiled on the basis of reference [24]. 


150 


Table Al18* 


Coefficients of absorption p and ranges of Y-quantum in 
water : =1 g/cm?) at different values of the energy € 


Mev en@/g Met | 5s on? /e[, om*/e| mw! | we on°/g u cm" | te, cm! | A, cm |e, C4 
0,1 0,171 0,0253 0,171 0) 0253 | 5,85 | 39,5 
0,15 0,151 (),0278 0,151 0 ,0278 6,63 | 36,0 
0,2 0,137 0 ,0299 0,137 0,0299 7,30 | 33,5 
0,3 0,119 0 ,0320 0,119 0, 0320 8,40 | 31,2 
0,4 | 0, 106 0 ,0328 0,106 0,0328 9,44; 30,5 
0,5 0), 0967 0,0330 0, 0967 0,0330 {10,3 | 60,3 
0,6 0,0894 0 ,0329 0,08°4 0,0329 {11,2 | 30,4 
0,8 0, 0786 0,0321 0,0786 0,0321 12,7 | 31,1 
1,0 0,0706 0,0310 0,0706 0,0310 114,2 | 32,2 
1,5 0,0576 0 ,0283 (),0576 0,0283 [17,4 | 35,3 
2,0 0,0493 0,0260 0,049.3 0,02€0 {20,3 |} 38,4 
3,0 0,0396 0 ,0227 00396 0,0227 |25,2 | 44,0 
4,0 0 ,0339 0,0204 0,0339 0,0204 [29,5 |} 49,0 
3,0 0,0302 0,0189 (),0302 0,0189 | 33,1 92,9 
6,0 0,0277 0,0178 (),0277 0,0178 {26,1 56,2 
8,0 0,0242 (),0163 0,0242 0,0163 {41,3 | 61,3 
10,0 0.0221 0,0154 0,0221 0,0154 {45,2 | 65,0 


TELE 


*Compiled on the basis of reference [8]. 
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‘ Table Al19* 


Coefficients of absorption and ranges of ‘y quanta in 
aluminum (o = 2.7 g/cm)) at different values of the energy 


| scoapited on the » *Compiled on the basis of reference [8]. | 


152 


E om@/g Fe on/g v, cm! Ue, cm—' | A, cw} re, cm 
p — Shea! 
0,169 0,0371 0,457 0,100 2,19 | 10,0 
0,138 0 ,0282 0,372 0,0762 2,69 | 13,1 
0,122 0) ,0275 0,329 0,0743 3,04} 13,4 
0,104 0 ,0283 0,281 0,0764 3,56 | 13,1 
0, 0927 0, 0287 0,250 0,0775 4,00 | 12,9 
0,0844 0 ,0287 0, 228 0,0775 4,38 | 12,9 
0,0779 0, 0286 0,210 0,0772 4,77 {| 13,0 
0, 0683 0,0278 0,184 0,0750 5,44 | 13,3 
0,0614 0,0269 0,166 0 ,0726 6,02 | 13,7 
0, 0500 0 ,0246 0,135 0, 0664 7,42 | 15,0 
0,0431 0) ,0227 0,116 0,0613 8,63 | 16,3 
0, 0353 0,020! 0, 0953 0,0543 |10,5 | 18,4, 
0,0310 0,0188 0,0037 0,0507 11,9 19,7 
0, 0284 0,0180 0,0767 0,0486 {13,0 | 20,6 
0, 0266 0,0174 | 0,0718 0,0170 |13,9 | 21,3 
0,0243 0,0169 0,0656 0,0456 {15,2 |} 21,9 
0, 0232 0,0167 0,C627 0,0451 15,9 22,2 


Table 20* 


Coefficients of absorption / and ranges of yY quanta in iron 
(9 = 7.8 g/em>) at different values of the energy € 


eS | ome /g Me em°?/g| uy, cu-} | He, cm? | scm |e cm 
Mev | ? e 

0,1 0,370 0,219 2,88 1,71 ss 0,585 
0,15] 0,196 0,0801 1,53 0,625 | 0,654! 1,60 
0,2 0,146 0,0485 1,14 0,378 | 0,877] 2,64 
0.3 | 0,10 0,0340 | 0,857 0,265 | 1,17 | 3,77 
0,4 0;0939 0,0306 0,733 0,238 | 1,36] 4,20 
0,5 0,0849 0,0293 0,655 0,228 | 1,53 | 4,38 
0,6 00769 0, 0286 0,600 0,223 | 1,67} 4,48 
0,8 0 0668 0,0272 0,521 0,212 | 1,92] 4,71 
1,0 0, 0598 0,0261 0,467 0,204 | 2,14] 4,90 
1,5 0,0484 0, 0237 0,378 0,185 | 2,64] 5,40 
2,0 0,0422 0,0219 0,329 0,171 | 3,04] 5,85 
3,0 0,0359 0,0203 0, 280 0,158 | 3,57 | 6,33 
4,0 0,0330 0,0198 0,258 0,154 | 3,87 | 6,50 
5,0 0,0314 0,0198 0 245 0,154 ) 4,08 | 6,50 
6,0 | 0,0305 0,0200 0,238 0,156 | 4,20] 6,41 
8,0 0,0298 0,0206 0,232 0,161 4,31 | 6,20 
10,0 0,0300 0,0213 0,234 0,166 | 4,27] 6,02 

| 
| 


| 
on oe 
| *Compiled on the basis of reference [8]. 
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Table 21% 


Coefficients of absorption uw and ranges of Y quanta in lead 


eaten an a a ee ee a a a 


(p = 11.3 g/em) at different values of the eee € 
‘ae p* en*/g r. on?/e | B, om! | Ue, CM! Sie Nasal »cHIA cM 
aa a a Ss a a |e 
0,1 | 5,46 I ote | 61,7 | 2 0,0162! 0,041 
0,15} 1,92 1,08 | 21.7 12,2 0, 0461] 0,082 
0,2 | 0,942 0,586 | 10,6 ‘- 6,63  |0,0943] 0,151 
0,3 | 0,378 0,041 | 4,97 2,72 {10,234 }0,368 
0.4] 0,220 0,136 | 2,48 1,54 {0,403 | 0,650 
0,5 | 0,152 0,0901 1,72 1,02 10,581 | 0,980 
0,6 | 0,119 0,0684 1,34 0,773 |0,746 | 1,29 
0,8 |  0,0866 0,0477 0,978 0,539 1,03 {1,85 
1,0 | 0,0703 0,0384 0,795 0,434 1,26 |2,30 
1,5 |  0,0523 00280 0,591 0,316 {1,69 [3,16 
2,0 | 0,0456 0,0248 0,515 0,280 11,94 13,57 
3,0} 0,0413 0,0238 0,467 0,269 12,14 |3,72 
4,0 | 00,0416 0,0253 0,470 0,286 42,13 {3,50 
5,0 {  0,0430 0,0272 0,486 0,307 12,06 |3,26 
6,0 | 00,0445 0, 0287 0,503 0,324 {1,99 |3,08 
8,0 | 0,047! 0,0309 0,532 0,349 11,88 |2,87 
10,0 { 0,0503 0,0328 0,568 0,371 : 2,70 


*Compiled on the basis of reference [8]. 
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Table A22* 


Dependence of the dose build-up factor By (uR) on 


the energy € of a point source of quanta in the 
passage of ¥ radiation through an infinite medium 
for water, aluminun, iron, and lead 


1D | 


Dose build-up factors 
By (UR) at distances PR 


| 
0,255 | 3,09 7.14 | 200 | 72,9 | 166 456 982 
; 0,5 2,52 | 5,14) 14,3! 388] 77.6| 178 | 334 
. 1,0 213 | 3,71 | 7,68! 162} 27,1 | 50,4! 822 
. 2,0 183 | 2,77} 488 | 8,46] 12,4} 19,5 | 277 
; 3,0 169 | 242| 3,91) 623] 863} 128] 17,0 
: 4,0 158 | 217] 334] 5,13} 694] 9,97] 129 
: 6,0 146 | 191 | 2,76] 3,991 5,181 7,09 | 8.85 
: 8,0 138 | 1,74} 240} 3,34] 4,25 | 5,66 | 6,95 
; 10,0 1,38 | 1,63 | 2,19} 2.97] 3,72] 490] 5,98 
( 
Aluminum+| 05 2,37 | 4,24] 9,47} 21,5 | 38,9, 80,8 | 141 
; 1,0 2,0 3,31 | 6,57 | 131 | 21,2 | 37,9] 585 
2,0 175 | 2,61 | 4,62] 8,05] 11,9 | 18,7 | 263 
: 3,0 1,64 | 2,32' 3,78] 6,14] 8,65! 13,0 | 17,7 
: 4,0 1,53 | 2,081 3,22] 501 | 688 10,1} 13,4 
6,0 1,49 = 2,70 | 4,06 | 5,49! 7,97 | 10,4 
| 8.0 134 | 1,68] 2,371 345| 4,58! 656! 852 
| 100 | 1,28 | 1,55] 212| 3,01! 395' 563| 7,32 
Troneses+| 95 | 198 | 309] 598] 11,7| 192; 354] 55,6 | 
. 1,0 187 | 289} 5,39] 10.2] 162 | 28,3 | 42,7 
| 2.0 1,76 | 2,43] 413] 7,25} 10,9! 17,6} 25,1 
. 3,0 155 | 215} 351} 585) 8,51) 13,5 | 19, 
. 4,0 145 | 194] 3,03] 4,91, 7,11) 11,2} 160 
6,0 134 | 1,72 | 2,58] 4,14) 6,02) 9,89) 14,7 | 
8.0 127 | 155 | 2.23] 3,49) 5,07) 8.50, 13,0 
10,0 120 | 142] 1,95} 2,99 - 7.54) 124 | 
| 1 
Seer! Gy 1.24 | 1,42} 1,69! 200] 2,27; 2,65 | (2,73). 
: 1,0 137 | 1,69! 2,26: 3,02 | 3,74! 4,81 | 5,85 | 
; 2,0 1,39 1,76 | 2,51 | 3,66 | 4,8t i 687] 9,00 
; 3,0 1,34 168 | 243} 3,75 | 520 84 | 12,3 
‘ 6,0 118 | 140) 1,97] 3311 589 138 [327 
, 8,0 lid 1,30 | 1,74 | 2,89 | 507 FTED UES 
, ' 10,0 My 13 ace | 2,32 43 18 38,2 
| 


| 
| *Data from reference [10]. | 
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